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A B S T R A C T

In an era where sustainable biomass conversion is paramount, this research investigates the impact of prepa
ration conditions of H₃PW₁₂O₄₀-Nb₂O₅ supported carbon cryogels on levulinic acid (LA) production via 
microwave-assisted conversion of oil palm mesocarp fiber. These cryogels offer an energy-efficient, eco-friendly 
alternative to traditional mineral acid catalysts, forming LA under mild conditions (2 min, <180 ◦C). The study 
examines how preparation parameters, including the Brønsted to Lewis acid ratio, calcination, and solvent ex
change, influence cryogel properties and LA yield. A maximum LA yield of 20.1 % was achieved, with the 
optimized cryogel exhibiting a surface area of 57.41 m² g⁻¹ , porosity of 0.13 cm³ g⁻¹ , and medium acid sites of 
7.45 mmol g⁻¹ . The balanced distribution of micropores, mesopores, and macropores facilitated larger biomass 
particle passage, enhancing thermal conductivity and uniform heat transfer. The interplay of Brønsted-Lowry and 
Lewis acidity (ratio 1.48) fostered a synergistic effect in catalyzing tandem reaction steps, achieving a synergy 
factor of 2.15. This work highlights the potential of lignin-derived carbon cryogels in revolutionizing fast, safe, 
and clean biomass conversion to LA, achieving a one-pot conversion efficiency of 88.5 %. Optimizing preparation 
parameters enhances catalyst properties, improving LA production efficiency and yield.

1. Introduction

Over the past decade, interest in lignocellulosic biomass has grown 
significantly, particularly for the production of platform chemicals such 
as levulinic acid (LA). LA is a highly reactive keto acid, featuring both 
carboxylic acid (–COOH) and ketone (–C––O) groups, which makes it a 
versatile precursor for a wide range of value-added products, including 
diphenolic acid, γ-valerolactone, LA esters, and amino derivatives [1]. 
These compounds find applications across diverse industries, including 
pharmaceuticals, biofuels and agrochemicals [2].

Traditionally, LA is produced through petrochemical processes 
involving the hydrolysis and hydrogenation of maleic anhydride or 
furfuryl alcohol [1]. However, such routes are often complex and costly, 
contributing to a high market price of approximately US$10/kg [3]. In 
light of sustainability concerns, recent efforts have focused on producing 

LA from renewable biomass residues. Despite promising advances, the 
commercialization of biomass-based LA remains in its early stages [4], 
[5], [6].

Lignocellulosic biomass—comprising cellulose (35–55 wt%), hemi
cellulose (25–35 wt%), and lignin (15–30 wt%)—serves as a promising 
feedstock for LA production [4], [5] [7], [8]. Common sources include 
sugarcane bagasse and oil palm biomass [9], [10], [11], [12], with the 
latter being particularly abundant in Malaysia (approximately 83 
million dry tons annually [13]). However, its potential for conversion 
into high-value chemicals like LA remains underutilized, underscoring 
the need for improved biomass valorization strategies.

Catalysts play a crucial role in converting cellulose to LA. While 
homogeneous Brønsted acids such as sulfuric and hydrochloric acid are 
effective [14], [15], their corrosiveness and downstream recovery issues 
can lead to LA degradation into gaseous byproducts like hydrogen (H₂), 
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methane (CH₄), and carbon monoxide (CO) [16]. This has driven interest 
in heterogeneous catalysts, which offer better recyclability and process 
stability [17], [18], [19], [20]. Among these, sulfonated carbon-based 
solid acids are attractive due to their high acid site density and eco
nomic feasibility [21], [22], [23], although their synthesis often re
quires high-temperature treatments (>500 ◦C) to enhance performance 
and stability [24], [25], [26].

Lignin, the second most abundant natural biopolymer after cellulose, 
is rich in carbon and aromatic functionalities, making it a valuable 
precursor for carbon-based solid catalysts [21]. While activated carbon 
derived from lignin offers high surface area and reactivity [22], its 
production is energy-intensive. As a milder alternative, lignin-derived 
cryogels prepared via sol-gel methods at 70–180 ◦C have emerged as 
promising catalyst supports. These cryogels feature a three-dimensional 
porous architecture suitable for accommodating a range of reactant sizes 
[23], [24]. Nonetheless, to enhance their activity and selectivity for LA 
production, incorporation of additional acid functionalities is required.

Among acid catalysts, polyoxometalates (heteropoly acids) — 
notably H3PW12O40 and H4SiW12O40 — exhibit superacidity, surpassing 
even conventional mineral acids like H2SO4, HNO3, and HCl [25]. These 
heteropolyacids are effective and recyclable in cellulose hydrolysis, 
although recovery from homogeneous systems often requires an 
extraction step. Niobium-based catalysts also hold promise, offering 
thermal stability and abundant Lewis acid sites conducive to tandem 
steps of biomass conversion [26]. Recent studies indicate that modified 
niobium catalysts significantly enhance LA selectivity [27], [28]. 
Moreover, co-deposition of polyoxometalates and niobium oxides onto 
lignin cryogels introduces both Brønsted and Lewis acid sites, enabling 
superior catalytic performance, selectivity, and resistance to deactiva
tion [26]. Lignin cryogels incorporated with acid catalysts can be 
engineered to achieve desirable acidity, pore structure, and 
aqueous-phase stability, yet studies on their use as catalysts for 
biomass-to-LA conversion remain limited. To date, only three notable 
investigations have explored lignin-based solid acid catalysts for cellu
lose conversion, as summarized in Table 1 [29].

To address this gap, the present study explores lignin-derived carbon 
cryogels incorporated with phosphotungstic acid (H₃PW₁₂O₄₀) and 
niobium(V) oxide (Nb₂O₅) for catalytic conversion of biomass to LA. 
These bifunctional catalysts leverage synergistic Brønsted-Lewis acid 
interactions to promote key reaction pathways, including cellulose hy
drolysis, glucose isomerization, and hydroxymethylfurfural (HMF) 
rehydration [27] [28], [31], [32]. For example, mesoporous 
niobium-based catalysts have been shown to achieve high LA yields 
under aqueous conditions at 180 ◦C over 24 h [33], [34]. Additionally, 
this study employs a microwave-assisted method to further enhance 
catalytic efficiency. Microwave irradiation delivers rapid and uniform 
energy transfer, accelerating reaction rates and significantly reducing 
reaction time. Prior work using concentrated H₃PW₁₂O₄₀ has achieved 
glucose yields up to 75.6 % at just 90 ◦C within 3 h under microwave 
conditions [35].

While carbon cryogels have been employed in catalysis, lignin- 
derived variants remain relatively underexplored. A comprehensive 

understanding of key synthesis parameters—such as the Brønsted-to- 
Lewis acid ratio, calcination conditions (e.g. temperature and holding 
time), and solvent exchange method—is crucial, as these factors directly 
influence critical properties including surface area, porosity, acidity, 
and functional group composition. These characteristics govern cata
lyst–biomass interactions and impact LA yield.

To this end, the current study applies a multivariate optimization 
strategy using Response Surface Methodology (RSM) coupled with 
Central Composite Design (CCD). This framework enables a systematic 
evaluation of synthesis parameters and their effects on cryogel physi
cochemical characteristics and catalytic performance. The integration of 
H₃PW₁₂O₄₀ and Nb₂O₅ into lignin-based cryogels, combined with 
microwave-assisted conversion, offers a promising and sustainable 
pathway for LA production from oil palm mesocarp fiber.

2. Materials and methods

2.1. Materials and chemicals

Oil palm mesocarp fiber (OPMF) was obtained as pressed fibrous 
strands and prepared into dewaxed OPMF following a previously re
ported method [36]. γ-valerolactone (99 %) and levulinic acid (99 %) 
were sourced from Sigma Aldrich (Darmstadt, Germany), while 
t-butanol was procured from Thermo Fisher Scientific (Pittsburgh, USA). 
Phosphotungstic acid (H3PW12O40) and niobium oxide (Nb2O5) were 
obtained from Nacalai Tesque (Kyoto, Japan). Alkaline lignin and xan
than gum were purchased from Tokyo Chemical (Japan). All reagents 
were of analytical grade and used without further purification. Ultra
pure water (18.2 MΩ⋅cm, <0.01 CFU mL− 1, <1 particulate mL− 1) was 
produced using a Milli-Q water purification system from Merck 
(Darmstadt, Germany).

2.2. Carbon cryogel synthesis

A lignin–xanthan gum (LIG-XG) hydrogel incorporating H3PW12O40 
and Nb2O5 was synthesized following a previously reported method 
[37]. H₃PW₁₂O₄₀ primarily exhibits Brønsted–Lowry acidity, whereas 
Nb₂O₅ acts as a Lewis acid. The sol–gel–hydrothermal synthesis pro
cedure is illustrated in Fig. 1. Following synthesis, the hydrogel was 
rinsed with deionized water to remove unreacted monomers and sub
sequently immersed in t-butanol at ten times its volume (approximately 
30 mL) to facilitate solvent exchange with water prior to freeze-drying. 
The sample was pre-frozen overnight and then freeze-dried at − 40 ◦C for 
12 h to obtain a cryogel. Calcination was carried out in a Carbolite Gero 
ashing furnace (AAF 11/32) at a ramp rate of 5 ◦C min− 1, enabling high 
volumes of preheated air to circulate through the chamber, thereby 
enhancing combustion and the removal of volatiles. This thermal 
treatment was essential for activating the embedded inorganic phases of 
H3PW12O40 and Nb2O5 and for promoting phase transitions that rein
force pore wall rigidity and structural stability.

Table 1 
Literature studies on lignin-based catalysts for cellulose conversion to LA.

Ref. Feedstock Catalyst Reaction medium

Characteristics

LA yield 
(%)

SBET 

(m2 

g¡1)

Vp 

(cm3 

g¡1)

dₚp 
(nm)

Acidity 
(mmol g¡1)

[29]
Microcrystalline 
cellulose

Lignin-based catalyst doped with FeS 
(impregnation method)

185 ◦C, 120 min in GVL 
(monophasic system) 21.61 0.04 4.13 - 35.6

[30] Cellulose residue Phosphoric acid-activated lignin-based solid 
acid catalysts (impregnation method)

190 ◦C, 150 min in MIBK/H2O- 
NaCl (biphasic system

583.1 0.66 4.74 2.81 67.9

[12] Cellulose from 
sugarcane

Lignin-based solid acid catalyst 140 ◦C, 6 h in water 
(monophasic system)

- - 1.48 - 38.6

SBET: Surface area based on the Brunauer–Emmett–Teller (BET) method, Vp: Pore volume, dₚ: Pore diameter
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2.3. Microwave conversion of biomass to LA

The dewaxed OPMF (0.1 g) was added into a borosilicate reactor 
containing 5 mL of GVL and 0.5 mL of water. A carbon cryogel catalyst 
(0.2 g) was added to the reactor. The reaction was carried out via mi
crowave irradiation (SAMSUNG, Model ME711K, 230 V/50 Hz) at 
450 W for 2 min. An infrared IR Laser thermometer and a laboratory 
thermometer were used to determine the temperature of the solvent 
after the effect of heating. Upon heating, the reaction mixture was 
quickly quenched with iced water to stop the side reactions. The su
pernatant of the product sample was extracted from the reactor and 
measured for its final volume and then diluted in the 100 mL volumetric 
flask. The sample (1 mL) was filtered through a 0.22 μm PTFE syringe 
filter into a 2 mL vial, and 0.2 mL of internal standard was injected into 
the same vial. The sample mixture was vortexed for 1 min and ready for 
product quantification.

2.4. Product analysis

The LA product was quantified using high-performance liquid 
chromatography coupled with a variable wavelength detector (HPLC- 
VWD, Agilent Series 1210, USA). The LA peak in the chromatogram was 
detected using an Aminex HPX-87H column (BioRad, 300 ×7.8 mm) 
under isocratic conditions with 5 mM sulfuric acid at 60 ◦C, a flow rate 
of 0.6 mL min− 1, an injection volume of 20 µL, and detection at λ 
= 190 nm. Method validation (see Supplementary material) was con
ducted to assess the precision, linearity, and sensitivity of the analytical 
method. The final percentage of LA was calculated using Eq. (1), the 
theoretical maximum yield of LA from cellulose conversion was deter
mined using Eq. (2), and LA efficiency was calculated using Eq. (3). 

Actual LA yield(%) =
Amount of LA(g)

Initial biomass loading(g)
× 100 (1) 

Theoretical LA yield(%) =
Cellulose content in biomass(g) × 0.71

Initial biomass loading(g)

where 

Molecular weight of LA
(
g mol− 1)

Molecular weight of cellulose
(
g mol− 1) =

116
162

= 0.71 (2) 

Efficiency of LA(%) =
Experimental yield
Theoretical yield

× 100% (3) 

2.5. Response surface methodology

A central composite design (CCD) within response surface method
ology (RSM) was employed to optimize carbon cryogels for LA pro
duction. Key parameters—including the H₃PW₁₂O₄₀:Nb₂O₅ ratio, solvent 
exchange duration, and calcination conditions—were adapted from 
established protocols [38], [39], and the experimental layout was 
devised using Design Expert Version 13. All variables listed in Table 2
were tested at five levels, and optimization trials were validated in 

Fig. 1. Synthesis and optimization workflow of lignin-derived carbon cryogel, highlighting variable parameters in Steps 1, 4, and 6 as defined by the RSM 
experimental design.

Table 2 
Parametric studies: Carbon cryogel attributes.

Factors Symbol
Levels

-∝a -1b 0c þ 1a þ∝b

Calcination temperature (◦C) A 100 200 300 400 500
Calcination time (min) B 15 30 45 60 75
Ratio of H3PW12O40 to Nb2O5 C 1 2 3 4 5
Solvent exchange (h) D 2 8 14 20 26

a –∝ and + ∝: Star points beyond factorial region that help to estimate cur
vature (quadratic effects) of the response surface

b 0: Baseline or middle level of the variable
c –1 and + 1: Lower and higher level in the factorial design
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triplicate using Eq. (4). 

Error = |Validation result − CCD result| / CCD result × 100           (4)

The study incorporated 16 factorial points, 8 axial points, and 6 
center point replicates, yielding 30 total runs. The number of experi
ments (N) was determined using Eq. (5). 

N = 2 n + 2 n + nc                                                                         (5)

where n is the number of factor and nc is the number of center point 
replicates.

To predict optimal conditions, a second-order polynomial model was 
fitted as shown in Eq. (6). 

Y = β0 +
∑n

i=1
βiXi +

∑n

i=1
βiiX2

i +
∑n

i=1

∑n

j>1
βijXiXj (6) 

where Y is the predicted response, β0, βi, βii, βij are regression co
efficients for the constant, linear, quadratic and interaction terms, and, 
Xi and Xj are the coded independent variables.

Solvent exchange durations ranged from 2 to 26 h, with 24 h 
commonly reported as optimal for preserving pore structure while 
enabling effective solvent replacement [39]. Prolonged exposure may 
lead to structural shrinkage. This step is emphasized as a critical 
pre-treatment, particularly under inconsistent ambient temperature 
regulation during freeze-drying, since volatile solvents such as t-butanol 
help lower the freezing point, minimize ice crystal formation, and 
enhance pore preservation.

The calcination temperature range was selected based on literature 
findings [40], which report optimal cryogel performance for ethyl lev
ulinate production around 500 ◦C, with a decline in yield observed 
above 550 ◦C. A CCD temperature range of 100–500 ◦C was selected to 
span key decomposition events: xanthan gum begins degrading near 
250 ◦C, lignin around 300 ◦C, and carbon cryogels with metal additives 

undergo structural transformations between 400–500 ◦C. This allows a 
comprehensive evaluation of pore evolution, crystallinity, and sintering 
effects during thermal treatment.

Model adequacy was assessed using analysis of variance (ANOVA), 
the coefficient of determination (R²), and significance testing via 
Fisher’s F-test. A p-value < 0.05 was used to identify significant model 
terms. Three-dimensional response surface and contour plots were 
generated to visualize the interactions between variables, and numerical 
optimization was performed to maximize LA yield under the assumption 
of equal variance

2.6. Characterization of carbon cryogel

Seven catalyst samples—O1, O8, O11, O15, O21, O22, and 
OPT2—were selected from the experimental matrix for detailed char
acterization. These represent key points in the CCD: factorial points (O1, 
O8, O11, O15), axial points (O21 and O22), and the model-optimized 
condition (OPT2). Center point replicates were excluded, as their pur
pose was solely to estimate experimental error and reproducibility, 
rather than to capture property changes related to synthesis variables. 
This selection strategy provides broad coverage of the design space, 
enabling thorough evaluation of how changes in preparation conditions 
affect catalyst properties and LA yield. Each sample label corresponds to 
a distinct combination of synthesis parameters, including the ratio of 
H3PW12O40 to Nb₂O₅, calcination temperature and duration, and solvent 
exchange period. The full preparation details for each sample are sum
marized in Table 3, and these labels are used consistently throughout the 
study for clarity and ease of reference.

FTIR (ATR-FTIR, Perkin Elmer Frontier FT Mid-IR/Far-IR, USA) 
analysis was performed to observe alterations in the functional groups 
present in carbon cryogels incorporated with H3PW12O40-Nb2O5. 
Functional groups were identified by comparison with an IR spectrum 
table.

Table 3 
Parametric studies on factors affecting carbon cryogel properties throughout the synthesis process.

Run Point type

Parameters Response

A B C D Yi

Calcination temperature (◦C) Calcination time (min) Ratio of H3PW12O40 to Nb2O5 Solvent exchange time (h) LA yield (%)

O1 Factorial 200(− 1) 30(− 1) 2(− 1) 8(− 1) 12.40
O2 Factorial 400(+1) 30(− 1) 2(− 1) 8(− 1) 15.40
O3 Factorial 200(− 1) 60(+1) 2(− 1) 8(− 1) 13.40
O4 Factorial 400(+1) 60(+1) 2(− 1) 8(− 1) 17.15
O5 Factorial 200(− 1) 30(− 1) 4(+1) 8(− 1) 11.67
O6 Factorial 400(+1) 30(− 1) 4(+1) 8(− 1) 15.23
O7 Factorial 200(− 1) 60(+1) 4(+1) 8(− 1) 13.98
O8 Factorial 400(+1) 60(+1) 4(+1) 8(− 1) 16.52
O9 Factorial 200(− 1) 30(− 1) 2(− 1) 20(+1) 11.19
O10 Factorial 400(+1) 30(− 1) 2(− 1) 20(+1) 13.13
O11 Factorial 200(− 1) 60(+1) 2(− 1) 20(+1) 9.43
O12 Factorial 400(+1) 60(+1) 2(− 1) 20(+1) 11.85
O13 Factorial 200(− 1) 30(− 1) 4(+1) 20(+1) 13.89
O14 Factorial 400(+1) 30(− 1) 4(+1) 20(+1) 16.44
O15 Factorial 200(− 1) 60(+1) 4(+1) 20(+1) 12.82
O16 Factorial 400(+1) 60(+1) 4(+1) 20(+1) 14.47
O17 Axial 100(-∝) 45(0) 3(0) 14(0) 9.67
O18 Axial 500(+∝) 45(0) 3(0) 14(0) 13.97
O19 Axial 300(0) 15(-∝) 3(0) 14(0) 12.08
O20 Axial 300(0) 75(+∝) 3(0) 14(0) 17.01
O21 Axial 300(0) 45(0) 1(-∝) 14(0) 11.08
O22 Axial 300(0) 45(0) 5(+∝) 14(0) 14.51
O23 Axial 300(0) 45(0) 3(0) 2(-∝) 18.27
O24 Axial 300(0) 45(0) 3(0) 26(+∝) 14.24
O25 Centre 300(0) 45(0) 3(0) 14(0) 18.78
O26 Centre 300(0) 45(0) 3(0) 14(0) 18.40
O27 Centre 300(0) 45(0) 3(0) 14(0) 20.52
O28 Centre 300(0) 45(0) 3(0) 14(0) 20.73
O29 Centre 300(0) 45(0) 3(0) 14(0) 18.51
O30 Centre 300(0) 45(0) 3(0) 14(0) 19.69
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Scanning Electron Microscopy (SEM, Fei Quanta 400 F, Hillsboro, 
OR, USA) was used to examine the porous structure distribution in the 
carbon cryogels. Energy-Dispersive X-ray Spectroscopy (EDX) was uti
lized to check the elemental analysis and distribution, with samples 
prepared similarly to those for SEM analysis and coated with a 
conductive layer. Specific regions were selected for EDX mapping using 
the X-Max detector at a 35◦ angle and an accelerating voltage of 20 kV.

The surface area, pore size, and volume of catalyst samples were 
evaluated using standard N2 physisorption with a Micromeritics 
ASAP2020 analyzer. Samples were outgassed in a vacuum at 300 ◦C for 
10 h before N2 physisorption. Surface area was determined using the 
BET method, and micropore and mesopore distributions were estimated 
using the t-plot and Barrett, Joyner and Halenda (BJH) methods, 
respectively.

Total acidity was determined through two distinct methods. First, 
temperature-programmed desorption of ammonia (NH3-TPD) was 
employed using the TPDRO 1100 series (Thermo Electron). The instru
ment was cleaned with a 20 mL min− 1 nitrogen flow for 5 min. A 
500 mg catalyst sample was then degassed at 150 ◦C for 30 min under a 
constant nitrogen flow (20 mL min− 1), cooled to 50 ◦C, and ammonia 
was adsorbed for 1 h. After achieving saturation, nitrogen purging was 
conducted for 30 min at 20 mL min− 1 to eliminate excess ammonia. The 
catalyst was subsequently heated from 50 to 800 ◦C for 1 h under a 
helium flow (20 mL min− 1) at a ramping rate of 10 ◦C min− 1, and the 
concentration of desorbed ammonia was quantified using a thermal 
conductivity detector (TCD).

Total acidity, representing acid density, was also determined using 
the acid-base titration method [41]. A 100 mg catalyst sample was 
mixed with 100 mL of 0.1 M NaOH solution and stirred at 145 rpm at 
room temperature overnight. The solution was then back-titrated with 
0.5 M HCl until a neutral pH was achieved. These measurements were 
conducted in triplicate for accuracy.

The Hammett acidity function (H0) was utilized to assess the 
Brønsted-Lowry acidities of carbon cryogels incorporated with 
H3PW12O40-Nb2O5, using 4-nitroaniline as the basic indicator due to its 
pK(I)aq value of 0.99. A 100 mg sample of the catalyst and a portion of 
the Hammett indicator (3.07 × 10–1 mmol L− 1) were dissolved in 
20 mL of distilled water. The mixture was stirred for 12 h at room 
temperature, then filtered, and the absorbance was measured using a 
Cary 500 UV/Vis/NIR spectrophotometer at 360 nm [42], [43]. The 
Hammett value was determined using the calculation described in Eq. 
(7), where pK(I)aq represents the pKa value of the aqueous indicator 
solution, and [IH+]s and [I]s denote the molar concentrations of the 
protonated and unprotonated forms of the indicator: 

Ho = pK(I)aq + log
(

[I]s
[IH+]s

)

(7) 

Lewis acid sites were quantified by calculating the difference be
tween the total acidity acquired through the titration method and the 
Brønsted-Lowry acid sites determined using the Hammett acidity func
tion. This allowed for the deduction of the ratio of Brønsted-Lowry to 
Lewis acid sites.

The synergy factor of the carbon cryogel catalyst was calculated to 
assess its overall catalytic performance using Eqs. (8), (9), and (10)
below. This factor helps determine if the combination of different cat
alytic components or sites results in a synergistic effect, making the 
supported acid- carbon cryogel more effective than its individual 
components. 

Synergy factor = A/B (8) 

A represents selectivity of LA in the mixed acid system
B represents the theoretical selectivity of LA in the mixed-acid system 

(ratio of Brønsted-Lowry acid × selectivity of LA catalyzed by pure 
Brønsted-Lowry acid) + (ratio of Lewis acid × selectivity of LA catalyzed 
by pure Lewis acid) 

Selectivity(%) =
yield of LA

LA conversion
× 100% (9) 

Conversion(%) =
mass of cellulose reacted
initial mass of cellulose

× 100% (10) 

3. Results and discussion

3.1. Optimization and parametric influence via RSM

Table 3 highlights the performance variations of the carbon cryogel 
based on key factors observed during the synthesis process, including 
the ratio of H3PW12O40 to Nb2O5, calcination time and temperature, and 
solvent exchange. Notably, during runs 25–30, the center points were 
replicated, showing small standard deviations in LA yield (ranging from 
0.10 to 0.52). This indicated high repeatability and reproducibility, 
confirming the reliability of the optimized conditions.

Numerical optimization using RSM revealed that the maximum LA 
yield (20.1 %) was achieved by setting the calcination temperature and 
time, the ratio of H3PW12O40 to Nb2O5, and solvent exchange time at 
336 ◦C, 51.4 min, 3.02, and 9.2 h, respectively. The model was validated 
with triplicate data (Table 4), resulting in an error of less than 5 %. The 
experimental LA yield was 20.2 %, with a standard deviation of 0.36. 
The proposed model for LA yield in terms of coded factors is represented 
in Eq. (11): 

Yield = 19.44 + 1.23 A + 0.45B + 0.72 C – 0.88D – 0.08AB          (11)

– 0.01AC – 0.23AD + 0.02BC – 0.81BD + 0.85CD – 1.93A2                  

– 1.25B2 – 1.68C2 – 0.82 D2                                                                

3.1.1. RSM contour plots
Fig. 2 shows that all 3D surface plots exhibit a curved shape while 

keeping two variables constant. This curvature indicates interactions or 
higher-order effects between the factors, suggesting that a linear model 
may not adequately capture the relationship. This implies that the 
impact of the factors on the response is not constant and changes with 
variations in factor levels. There might be a combined effect of both 
factors that differ from the sum of their individual effects, a hypothesis 
to be further validated through statistical analysis in Section 3.1.2.

Each 3D surface plot in Fig. 2 presents a distinct response pattern 
derived from the RSM model. In Fig. 2a, the contour indicates a 
consistent influence of calcination temperature (200–400 ◦C) and time 
(30–60 min) on LA yield, signifying that increasing both parameters 
leads to a higher yield. In Fig. 2b, the simultaneous increase in calci
nation temperature and the ratio of Brønsted-Lowry to Lewis acid pro
motes the yield of LA, reaching an optimum point (20.1 %) where the 
value starts to decrease. Fig. 2c demonstrates an increasing LA yield with 
rising calcination temperature, in contrast to decreasing solvent ex
change. Fig. 2d indicates that the increasing pattern of calcination time 
aligns with an increasing ratio of Brønsted-Lowry to Lewis acid, meaning 
both factors affect LA yield in the same direction. Meanwhile, the in
teractions between factors B and D and between factors C and D in 
Figs. 2e and 2f, respectively, show an opposite direction as LA yield 
increases or decreases.

3.1.2. RSM statistical analysis
The proposed model demonstrates robust predictive performance, as 

evidenced by an R2 value of 0.95, indicating that 95 % of the variation in 
LA yield can be explained by the selected process variables. The coef
ficient of variation (6.46 %) reflects consistent response reliability 
across the experimental design. Strong agreement between observed and 
predicted values is further confirmed by the adjusted R2 (0.90) and 
predicted R2 (0.80). ANOVA results (Table 5) reveal that both linear and 
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quadratic terms significantly influence LA yield. Among these, quadratic 
terms for calcination temperature (A2, F-value=109.94) and 
H3PW12O40/Nb2O5 ratio (C2, F-value=83.81) are particularly dominant. 
The model’s F-value of 21.02 (p < 0.0001) confirms its overall statistical 
significance, while the lack of fit F-value (0.82) indicates a good fit with 
the experimental data. An adequate precision value of 14.92, well above 
the desired threshold of 4, confirms that the model provides a reliable 
signal-to-noise ratio within the CCD design space.

Additional diagnostic plots (see Supplementary material) support the 
adequacy of the quadratic model. The normal probability plot of re
siduals shows overall alignment with the theoretical line, with minor 
deviations at runs 19 and 20 — consistent with expected behavior at 
axial (±α) design points that are purposefully placed beyond the central 
region to stretch the model’s predictive capacity. The residuals vs. 
predicted values plot displays no significant curvature or funnel shape, 
indicating acceptable linearity and homoscedasticity. Externally stu
dentized residuals are evenly scattered around the zero line, with no 
values exceeding the threshold (±3.87982), confirming the absence of 
outliers and validating model assumptions. The Box-Cox plot confirms 
that the LA yield data require no transformation, reinforcing the model’s 
validity within the RSM framework. Low leverage values (0.2 and 0.5) 
and Cook’s Distance values (mostly < 0.4) affirm that no single data 
point disproportionately influences the model.

Importantly, the model reflects how preparation parameter
s—including calcination temperature and time, solvent exchange dura
tion, and H3PW12O40-Nb2O5 ratio — affect the physicochemical 
properties of the cryogel catalyst. These properties (surface area, acidity, 
pore structure) are directly linked to LA yield. While some interaction 
terms (e.g., BD or CD) exhibit significant synergistic effects, others, 
especially those involving calcination conditions (AB, AC, AD), appear 
statistically insignificant. This may stem from the relatively narrow 
range of calcination conditions tested, or from indirect structural effects 
that are not immediately reflected in LA yield metrics. For instance, 
over-calcination could reduce active site density or cause pore collapse 
— impacts that may be masked if solvent exchange time plays a domi
nant kinetic role. Thus, even interaction terms with limited statistical 
weight may influence underlying physicochemical transformations, 
subtly shaping catalytic performance. Their practical relevance should 
not be discounted despite statistical insignificance.

3.2. Structural integration of acid components

Comprehensive physicochemical analyses revealed how synthesis 
parameters influence both activity and durability of the H₃PW₁₂O₄₀–N
b₂O₅–lignin–xanthan cryogel catalyst. XRD patterns (Supplementary 
material) confirmed the successful incorporation of Nb₂O₅’s ortho
rhombic TT phase and the intact Keggin structure of H₃PW₁₂O₄₀, as 
evidenced by distinct low-angles peaks (7–11◦ 2θ). This preserved 
crystallinity underpins stable Brønsted and Lewis acidic frameworks 
essential for catalyst reusability and consistent LA yields. In a prior study 
[44], recycling tests showed the cryogel retained 97.5–81.8 % of its 
initial efficiency over five runs and still delivered 52.8 % efficiency after 
eight cycles, underscoring its structural resilience under repeated use.

With framework stability established, FTIR spectroscopy (Fig. 3) 

tracked functional-group transformations under varying calcination 
temperatures, acid ratios, and solvent exchange durations. Higher 
calcination temperatures removed organic templates and impurities, 
creating new active sites. For example, sample O8 (400 ◦C) exhibited 
shifts in C–H bands at 624 and 834 cm⁻¹ , reflecting new bonding in
teractions among H₃PW₁₂O₄₀, Nb₂O₅, and lignin polymers. Characteristic 
Nb–O stretches at 640 and 990 cm⁻¹ and Keggin P–O, W––Oₜ, and 
W–O–W vibrations at 1082, 972, and 890 cm⁻¹ confirmed the integrity 
of each acid component [45], [46]. A synergistic band at 
1132 cm⁻¹ —resulting from overlapping P–O and Nb–O mod
es—intensified with higher H₃PW₁₂O₄₀/Nb₂O₅ ratios, signaling chemical 
integration [47], [48].

Sample OPT2 preserved strong aromatic C–H (1450–1500 cm⁻¹) and 
conjugated C––C (1500–1600 cm⁻¹) bonds at its optimal calcination 
temperature (336 ◦C), maintaining carbon backbone integrity and 
maximizing LA yield [49]. By contrast, samples calcined at 200 ◦C 
showed intensified C––C peaks—likely due to incomplete combustion of 
organic precursors. These conjugated linkages reinforce the cryogel’s 
rigidity and thermal stability, indicating that native lignin and xanthan 
gum double bonds survive synthesis and contribute to durability.

Broad carbonyl peaks at 1700–1750 cm⁻¹ —attributed to lig
nin–xanthan crosslinking—further modulate surface reactivity [50], 
while S–O stretching at 1150 [40] and 1050 cm⁻¹ highlights sulfate 
anions chemisorbed on Nb₂O₅, forming M–O–SO₄ linkages that create 
superacidic Lewis/Brønsted pairs [38], [51], [52]. Calcination duration 
critically affects functional-group stability: extended heating can 
decompose labile moieties and degrade active sites. For example, sample 
O11—calcined at 200 ◦C for 60 min—exhibited weakened C–H 
(1450–1500 cm⁻¹) and C–O–C (1000–1200 cm⁻¹) bands, correlating 
with its reduced LA yield.

FTIR analysis also revealed O–H stretching bands at 
2500–3100 cm− 1, 3200 cm− 1, and 3400–3650 cm− 1, corresponding to 
acidic, phenolic, and alcoholic groups (Supplementary material). The 
intensity of these bands varied with the Brønsted-Lewis acid ratio
—evident in samples O8, O15, O22, and OPT2—reflecting shifts in 
surface acidity. Striking the right balance prevents pore collapse and 
active-site leaching while preserving functional-group accessibility. 
Solvent-exchange duration further modulated O–H vibrations: a 20 h 
exchange removed more organic residues and solvents, promoting larger 
pore formation, whereas shorter exchanges retained more material, 
yielding smaller pores. While in xanthan gum, absorption peaks at 3431 
and 2922 cm⁻¹ correspond to –OH stretching and sp³ C–H vibrations 
[53], [54]; their disappearance after calcination confirmed O–H vola
tilization and pore development in the carbon cryogel template [40]. 
The resulting increase in surface hydrophobicity helps mitigate glucose 
overconversion and steers the reaction selectively toward LA instead of 
unwanted byproducts [55].

3.3. Morphological evolution and pore structure tuning

To engineer a pore network conducive to biomass conversion, the 
particle sizes of feedstock and synthesis reagents were deliberately 
explored (Table 6). SEM analysis confirmed a broad pore size distribu
tion consistent with the nanoscale-to-microscale dimensions of the 

Table 4 
Optimization of carbon cryogel attributes and validation for LA yields.

Experiment Calcination temperature (◦C) Calcination time (min) Ratio of H3PW12O40 to Nb2O5

Solvent exchange time (h) Response (%) Error 
(%)LA yield

CCD 336 51.4 3.02 9.2 20.10
Validation (Trial 1) 336 51.4 3.02 9.2 19.99
Validation (Trial 2) 336 51.4 3.02 9.2 20.00
Validation (Trial 3) 336 51.4 3.02 9.2 20.62
Validationa 336 51.4 3.02 9.2 20.20 0.50

a Mean for triplicate data.
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Fig. 2. RSM plots illustrating interaction effects between key synthesis parameters on LA yield: (a) calcination temperature and calcination time; (b) calcination 
temperature and B/L ratio (H₃PW₁₂O₄₀ to Nb₂O₅); (c) calcination temperature and solvent exchange duration; (d) calcination time and B/L ratio; (e) calcination time 
and solvent exchange duration; and (f) B/L ratio and solvent exchange duration. B/L: molar ratio of Brønsted acid (H₃PW₁₂O₄₀) to Lewis acid (Nb₂O₅).
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precursors. This range—especially evident in bulky components like 
lignin and DOPMF—suggests that both mesopore and macropore for
mation are governed by the inherent morphology of the starting 
materials.

FESEM imaging (Fig. 4) revealed that the resulting cryogels possess 
irregular and heterogeneously sized pores, indicating significant struc
tural evolution during synthesis. These morphological features 
contribute to a diverse acid environment. Lignin’s natural porosity and 

the sol-gel characteristics of xanthan gum create a robust framework. 
SEM micrographs revealed distinct features introduced by each acid 
catalyst: H₃PW₁₂O₄₀ generated rough, planar surfaces, while Nb₂O₅ 
imparted diamond-like structures. These observations highlight how 
synthesis variables shape the final cryogel morphology, which in turn 
governs catalytic behavior.

Among the carbon cryogel samples (Table 7), porosity varied notably 
with preparation conditions, primarily influenced by calcination tem
perature and acid strength. Sample OPT2 stood out with the highest pore 
volume and a well-developed hierarchical structure, enhancing inter
action with biomass particles of various sizes. This hierarchical pore 
architecture is essential for catalytic performance—it increases acid site 
accessibility, facilitates mass transport, and supports sustained activity. 
EDX analysis of the optimized cryogel (Table 8) further confirmed 
structural integrity: carbon content remained stable post-calcination, 
while decreased oxygen levels pointed to volatilization of non-carbon 
species, consistent with pore formation.

Macropores play a critical role in allowing larger biomass fragments 
to access catalytic domains, particularly aiding cellulose hydrolysis. 
However, excessive macroporosity can reduce LA yields due to increased 
risk of side reactions such as fragmentation and polymerization [59], 
[60]. Hence, balancing pore sizes is crucial. A hierarchical structure 
enables sequential catalysis: macropores support biomass hydrolysis, 
while mesopores and micropores facilitate glucose dehydration and LA 
formation [60], [61]. Larger mesopores may also promote hydronium 
ion generation in aqueous media, boosting local Brønsted acidity and 
further enhancing reaction efficiency.

To quantify this structural balance, the Hierarchical Factor (HF) was 
used—defined as the product of relative mesoporosity (Smeso/SBET) and 
microporosity (Vmicro/Vtotal) [62]. HF serves as a useful indicator of 
transport efficiency within the pore network [63]. OPT2 exhibited a 
higher HF (0.035) compared to O15 (0.006), reflecting a favorable 
mesoporous-to-microporous ratio. Although lower than benchmark 
catalysts like Fe/HY zeolite (0.163) [56], this value suggests that pore 
tuning should be aligned with feedstock properties. In biomass conver
sion, a moderate HF appears more suitable, as bulky cellulose fragments 
must first access macropores before undergoing catalytic 
transformation.

Sample OPT2 achieves the highest LA yield due to a homogeneous 
distribution of acid sites, as shown in Fig. 5, and exhibits minimal impact 
from catalyst loss [44]. In contrast, other samples, such as O8, experi
ence uneven acid site distribution, resulting in the leaching of phos
phorus from H3PW12O40 and niobium from Nb2O5. This leaching is 
attributed to calcination-induced oversaturation, where excessive active 
component loading at elevated temperatures leads to detachment from 

Table 5 
Statistical analysis for each response variable and the interaction terms.

Source Sum of squares Df Mean of square F-value p-value Std error Remark

Model 272.580 14 19.470 21.020 < 0.0001 ​ Significant
A – Calcination temperature (◦C) 36.100 1 36.100 38.970 < 0.0001 0.20 ​
B – Calcination time (min) 4.760 1 4.760 5.140 0.0386 0.20 ​
C – Ratio of H3PW12O40 to Nb2O5 12.580 1 12.580 13.580 0.0022 0.20 ​
D – Solvent exchange (h) 18.660 1 18.660 20.140 0.0004 0.20 ​
A2 101.850 1 101.850 109.9400 < 0.0001 0.18 ​
B2 42.530 1 42.530 45.9100 < 0.0001 0.18 ​
C2 77.640 1 77.640 83.8100 < 0.0001 0.18 ​
D2 18.330 1 18.330 19.7900 0.0004 0.18 ​
AB 0.105 1 0.105 0.1130 0.7412 0.24 ​
AC 0.004 1 0.004 0.0040 0.9521 0.24 ​
AD 0.860 1 0.860 0.9280 0.3506 0.24 ​
BC 0.005 1 0.005 0.0050 0.9452 0.24 ​
BD 10.570 1 10.570 11.4100 0.0041 0.24 ​
CD 11.490 1 11.490 12.4100 0.0031 0.24 ​
Residual 13.900 15 0.926 ​ ​
Lack of Fit 8.640 10 0.864 0.8219 0.6310 ​ Not significant
Pure Error 5.260 5 1.050 ​ ​ ​ ​
Cor Total 286.480 29 ​ ​ ​ ​ ​

Fig. 3. FTIR spectra for carbon cryogel samples and raw precursor materials: 
(a) Nb2O5; (b) H3PW12O40; (c) xanthan gum; (d) lignin; (e) O1; (f) O8; (g) O11; 
(h) O15; (i) O21; (j) O22; and (k) OPT2.

Table 6 
Size of particles (materials used for cryogel synthesis) based 
on SEM visualization and ImageJ analysis.

Material Range of size

DOPMF 400 nm – 40 µm
Lignin 4 – 30 µm
Xanthan gum 0.3 – 0.6 cm
H3PW12O40 80 – 1000 µm
Nb2O5 60 – 180 µm
Carbon cryogel 10 nm – 180 µm
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the cryogel framework. Notably, the agglomeration of niobium in 
localized regions generates concentrated acidic domains, which 
compromise structural integrity and increase susceptibility to 

degradation. Such degradation weakens acid site activity and, ulti
mately, reduces LA yield. The relevance of these findings is further 
supported by the morphological data presented in Fig. 6, where SEM 

Fig. 4. FESEM images for sizes of raw materials: (a) DOPMF at micro scale; (b) DOMF at nano scale; (c) lignin; (d) xanthan gum; catalysts for (e) H3PW12O40 and (f) 
Nb2O5; and synthesized carbon cryogel at (g) micro-scale and (h) nanoscale.

Table 7 
Volume of pores of carbon cryogel samples compared to other catalysts.

Ref. Catalyst sample Vpores (cm3 g¡1) Vmicro (cm3 g¡1) Vmeso (cm3 g¡1) Vmacro (cm3 g¡1) HF

This study O1 0.008 – – 0.008 –
This study O8 0.009 – – 0.009 –
This study O11 0.032 – 0.0007 0.032 –
This study O15 0.010 0.0001 0.0005 0.009 0.006
This study O21 0.005 – – 0.005 –
This study O22 0.015 – 0.0030 0.012 –
This study OPT2 0.156 0.0060 0.1000 0.050 0.035
[56] HY zeolite 0.265 0.1670 0.0980 – 0.163
[57] Fe-NbP 0.520 – – – –
[58] Carbon foam supported H5AlW12O40 0.900 – – – –
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images reflect the pore features consistent with the EDX elemental dis
tribution shown in Fig. 5. The visual correlation underscores how 
structural heterogeneity—particularly uneven acid side local
ization—can exacerbate catalyst vulnerability during thermal 
treatment.

Pore size also influences surface area and reactant accessibility. 
While micropores contribute significantly to surface area due to their 
high site density, their volume contribution is small compared to that of 
larger pores. The impact of pore size is also seen in O1 and O21, which 
showed large average pore diameters (111.93 nm and 176.31 nm, 
respectively). While macropores support initial hydrolysis, their domi
nance can suppress contributions from micropores—key for providing 
dense active site populations. These structural imbalances, along with 
potential by-product trapping in oversized pores, explain the limited 
catalytic performance and negligible HF values observed.

3.4. Surface properties and their impact on catalytic activity

Fig. 7 shows the low-pressure N2 adsorption isotherms for the syn
thesized carbon cryogel samples. All samples exhibit convex-shaped 
curves with sharp uptakes as P/P₀ approaches 1, corresponding to 
Type III isotherms according to IUPAC classification—characteristic of 
mesoporous materials with weak adsorbate–adsorbent interactions 
[64]. The accompanying Type H3 hysteresis loops further indicate 
slit-shaped pores, commonly associated with structural heterogeneity 
and flexible frameworks [65].

The inclusion of xanthan gum in the cryogel formulations contrib
uted to exceptionally low BET surface areas —below 0.8 m² g⁻¹ (Table 9) 
for samples O1, O8, O11, O21, and O22. This outcome stems for xanthan 
gum’s dense, highly hydrophilic structure, poor gas adsorption 
behavior, and absence of intrinsic micro- or mesoporous features. As a 
result, accurate BET analysis was inherently limited for these samples. 
Nevertheless, low surface area alone did not correlate directly with 
catalytic performance, especially in LA production, reinforcing the 
importance of nuanced structure–activity relationships.

This paradox is explained by several interdependent factors: 

1. Pore size and connectivity: BJH analysis revealed that macropores 
(>50 nm) dominated the pore architecture across all samples [66]. 
These large pores facilitated diffusion and transformation of bulkier 
biomass intermediates such as cellulose and glucose, indicating that 
pore connectivity and size are more critical to reactivity than surface 
area alone.

2. Acid site distribution and entrapment: Acid catalysts such as 
H₃PW₁₂O₄₀ and Nb₂O₅, introduced prior to lignin–xanthan gelation, 

became embedded within the polymer matrix. This configuration 
reduced measured surface area but ensured that Brønsted and Lewis 
acid sites remained well-dispersed and accessible through meso
porous channels. While this reduced the overall surface area, it 
ensured that Brønsted and Lewis acid sites were well-dispersed and 
accessible through mesoporous channels, maintaining high catalytic 
activity.

3. Structural modification by active components: Metal oxides and 
oxygen-rich species may have partially blocked micropores, 
decreasing surface area but increasing average pore diameter—an 
effect consistent with findings in Fe/HY zeolites and TPA/NbP sys
tems [67].

Taken together, these factors affirm that catalytic performance de
pends not only on the quantity of acid sites but on their strategic inte
gration within a hierarchical porous network. For example, sample 
OPT2, despite a lower acid site density (0.220 µmol m⁻²), achieved the 
highest LA yield, outperforming sample O15 (12.02 µmol m⁻²). This 
suggests that optimized pore architecture and accessible acidity are 
more decisive than raw acid loading, as excessive acidity in O15 likely 
caused unselective reactions and increased by-product formation [58].

Moreover, samples O8 and O22, despite low surface areas, demon
strated improved LA yields compared to O15. It is likely that high acid 
loading prompted carbon framework contraction, shrinking BET surface 
area while expanding internal void networks. Notably, O8 delivered a 
16.5 % LA yield, potentially due to its 4:1H₃PW₁₂O₄₀:Nb₂O₅ ratio, which 
enhanced Brønsted acidity. However, excessive H₃PW₁₂O₄₀ may have 
caused pore blockage via polyphosphate formation [69], emphasizing 
the need for controlled acid incorporation.

Conversely, sample O11—with the highest total pore volume among 
this group—recorded the lowest LA yield (9.43 %). BJH pore analysis 
(Fig. 8a) revealed a structure dominated by macropores with minimal 
meso- or microporosity, limiting effective diffusion and intermediate 
conversion. Fig. 8b further confirms that pore volume and surface area 
do not scale proportionally. Despite O11’s higher volume, its surface 
area was lower than that of O15, which featured richer meso- and 
micropore content. These smaller pores provide better surface-to- 
volume ratios and greater active site accessibility.

Solvent exchange duration also influenced porosity and perfor
mance. Extended exposure to t-butanol caused gel shrinkage and partial 
pore collapse, reducing pore connectivity and reactant accessibility. 
Sample O11 exemplified this effect, exhibiting diminished surface area 
and poor LA yield. Similar limitations appeared in O1 and O21, where 
inadequate exchange time, mild calcination, or weak catalyst embed
ding restricted pore formation and catalytic efficacy. Ultimately, 

Table 8 
EDX analysis for elements involved in carbon cryogel.

Sample
Element (%)

C O Na K P W Nb S

Lignin 53.48 34.10 7.02 – – – – 5.40
Xanthan gum 50.16 46.98 1.94 0.54 – – – –
DOPMF 56.94 41.20 – 0.20 – – – –
H3PW12O40 7.55 27.46 – – 1.11 63.42 – –
Nb2O5 9.27 26.49 – – – – 64.24 –
O1a 55.16 28.55 4.03 0.72 0.11 9.97 1.46 2.94
O8b 50.91 19.54 4.07 0.78 0.28 19.31 1.52 1.03
O11a 48.10 25.72 8.25 0.69 0.13 11.78 0.34 1.96
O15b 46.73 23.48 5.54 0.94 0.29 22.68 0.81 1.32
O21c 54.67 22.50 4.98 0.63 0.09 8.01 0.66 1.33
O22d 52.45 22.06 1.92 0.58 0.32 14.12 0.81 1.49
OPT2e 53.88 24.41 3.64 0.76 0.44 18.90 5.31 0.49

a 2:1
b 4:1
c 1:1
d 5:1
e 3.02:1
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optimizing synthesis variables—including solvent exchange duration, 
calcination settings, and acid loading—is essential for achieving effec
tive pore structure and acidity.

Importantly, the choice of raw material directly affects the catalyst’s 
structure and reactivity. In this study, OPMF was selected as the 

feedstock due to its high cellulose and hemicellulose content, abundant 
availability in Malaysia, and low economic value as agro-industrial 
waste. Compared to other biomass sources, OPMF offers a favorable 
balance between carbohydrate richness and moderate lignin content, 
which enhances both reactivity and matrix stability during acid 

Fig. 5. EDX mapping for distribution of elements within the carbon cryogel for samples (a) OPT2 and (b) O8.
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hydrolysis. Its chemical composition supports the formation of struc
turally robust cryogels and ensures efficient depolymerization pathways 
to glucose—an essential intermediate in LA production.

Therefore, while surface characteristics influence performance, the 
intrinsic composition of OPMF plays a vital role in facilitating optimal 
pore formation, acid-site dispersion, and catalytic output. The success of 
sample OPT2, which achieved a surface area of 57.41 m² g⁻¹ and the 
highest LA yield, reinforces how raw material selection and tailored 
synthesis converge to create a mesoporous catalyst with efficient acidity 
and superior performance.

3.5. Acid site distribution and its influence on catalytic performance

The interplay between pore architecture and acid-site distribution 
emerges as a critical determinant of catalytic efficacy in LA production. 
While traditional metrics such as pore volume and surface area suggest 
accessibility advantages, our findings reveal that these characteristics 
alone do not guarantee higher yields. Instead, the catalytic performance 
is more significantly influenced by the strength, distribution, and syn
ergy between Brønsted and Lewis acid sites embedded within the 
cryogel matrix. Sample OPT2, formulated via controlled solvent ex
change and calcination, represents a benchmark in scaffold accessibility 
and acid-site balance. Despite its relatively low acid-site density, OPT2 
yielded the highest LA conversion, attributable to an optimal concen
tration of medium-strength acid sites. This balance minimizes pore 
obstruction from acid–acid interactions and prevents structural degra
dation often observed in heavily loaded catalysts.

NH₃-TPD profiles (Fig. 9) demonstrate the presence of weak 
(100–350 ◦C), medium (350–600 ◦C), and strong (600–800 ◦C) acid sites 
across all samples. Crucially, total acidity and site distribution varied 
substantially. For example, samples O1, O11, and O15 recorded high 
acid-site densities, largely contributed by weak acid desorption 
(Table 10). These peaks are linked to loosely bound Brønsted OH groups 
that persist under mild calcination (~200 ◦C) [70], and their dominance 
correlates with underwhelming LA yields. Meanwhile, higher calcina
tion temperatures (>300 ◦C) reduced the prevalence of weak sites by 
decomposing thermally unstable functionalities. In turn, this promoted 
the formation of medium and strong acid sites associated with residual 

phosphotungstic acid (Brønsted) and Nb⁵⁺ coordination complexes 
(Lewis) [71].

Sample O1, limited to 8 h of solvent exchange, retained excess labile 
species, contributing to elevated weak acidity [45]. Conversely, 
extended solvent exchange in sample O21 resulted in gel shrinkage and 
pore collapse. This restructuring concentrated medium-strength acid 
sites within tortuous channels, reducing accessibility and hampering LA 
synthesis. The condition also introduced mass-transfer limitations, as 
reactants struggled to diffuse into restricted pore networks. Sample O22, 
despite its high acid-site ratio (5:1), achieved a modest 14.5 % LA yield. 
The relatively short calcination time (45 min at 300 ◦C) likely hindered 
full precursor decomposition, suppressing strong acid-site formation. 
Conversely, prolonged calcination enhances acid-site anchoring by 
catalyzing dehydration and condensation reactions between H₃PW₁₂O₄₀, 
Nb₂O₅, and the carbon matrix.

Sample O8 displayed a distinct profile— rich in strong acid sites 
(4.577 mmol g⁻¹) and low in weak acidity—owing to its formulation 
(4:1H₃PW₁₂O₄₀—Nb₂O₅ ratio)—and elevated calcination temperature 
(400 ◦C). Nonetheless, its LA yield (16.5 %) was surpassed by OPT2 
(20.2 %), which achieved a more balanced acidity spectrum and main
tained moderate contributions across weak, medium, and strong sites. 
The tailored calcination conditions (336 ◦C, 51.4 min) preserved 
oxygenated groups, amplifying medium-strength acidity and catalytic 
performance.

The cryogel framework incorporating H₃PW₁₂O₄₀ and Nb₂O₅ offers a 
tunable acid environment via Brønsted—Lewis site coexistence. The 
optimized catalyst exhibited a total acidity of 
12.66 mmol g⁻¹ —surpassing traditional benchmarks such as HY zeolite 
(2.68 mmol g⁻¹) [56], pure H₃PW₁₂O₄₀ (2.46 mmol g⁻¹) [72], sulfonated 
carbon fiber (2.43 mmol g⁻¹) [73], and Fe-impregnated zeolites 
(2.81 mmol g⁻¹) [56]. This enhancement is not solely due to individual 
acid strengths but to their synergistic interactions: NbₓOᵧ species 
contribute Lewis acidity for C–O bond cleavage, while H₃PW₁₂O₄₀ en
sures robust proton donation through Brønsted functionality. Further
more, spectroscopic analysis confirms structural preservation of the 
Keggin unit and promotes effective electronic coupling between Nb₂O₅ 
and the carbon framework—amplifying acid strength beyond additive 
contributions. Some formulations reached up to 
20.38 mmol g⁻¹ compared to other carbon-based catalysts (typically 
below 9.0 mmol g⁻¹), placing the system among the most potent 
carbon-based solid acids in biomass valorization [74].

Additionally, microwave-assisted hydrolysis, employed across all 
reactions, provided rapid thermal transfer, reducing side reactions and 
acid site deactivation. This approach helped retain strong acid sites 
under demanding conditions and enhanced overall catalyst stability. 
Microstructural variations among samples stemmed from deliberate and 
statistically controlled synthesis parameters, ensuring meaningful 
interpretation of synthesis—property—performance relationships.

3.6. Brønsted–Lewis acidity balance and synergistic catalysis in cryogel 
systems

To deepen the understanding of acid-site characteristics beyond total 
acidity (as revealed by NH₃-TPD), the Hammett acidity function (H0) 
and acid–base titration were employed to differentiate Brønsted from 
Lewis acid contributions. While NH₃-TPD offers a comprehensive mea
sure of acid content, it does not distinguish acid type. In contrast, the 
Hammett approach, coupled with UV-Vis spectroscopy (Fig. 10), selec
tively assesses Brønsted proton-donating strength across cryogel 
formulations.

As shown in Table 11, stronger Brønsted acidity correlates with 
lower H₀ values [43]. Sample O8 displayed the highest Brønsted strength 
(H₀ = 0.995), followed closely by O22 and OPT2. These values are 
comparable to those reported for other heteropoly acid-derived catalysts 
(H₀ = 0.41–0.63) [41], confirming the strong proton donation capacity 
of H₃PW₁₂O₄₀ within the cryogel matrix.

Fig. 6. SEM images of carbon cryogel samples: (a) OPT2 and (b) O8.
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Fig. 7. N2 adsorption-desorption isotherm for (a) O1; (b) O8; (c) O11; (d) O15; (e) O21; (f) O22; and (g) OPT2.
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What sets this system apart, however, is the enhanced performance 
achieved through synergistic integration with Nb₂O₅. Structural in
teractions between Nb⁵⁺ and WO₃⁻ species lead to the formation of 
Nb–O–W frameworks via hydrogen bonding [75]. This results in a 
cooperative acid environment where niobium stabilizes Brønsted do
mains, reinforces acid-site density, and promotes active site for
mation—particularly at oxide interface regions [76]. The dual-phase 
contribution not only amplifies the reactivity of individual acids but also 
enables their co-functionality during complex catalytic steps.

NbₓOᵧ species further enrich this synergy by introducing Lewis acid 
sites with unique electronic configurations. The Nb⁵⁺ centers are adept at 
facilitating C–O bond scission and dehydration processes essential to 
biomass transformation [77]. Together, Brønsted sites initiate hydrolysis 
(e.g. cleavage of β-1,4 glycosidic bonds), while Lewis sites support 
downstream isomerization and condensation reactions—making the 
tandem interplay key to enhancing product selectivity and LA yield.

Table 12 reinforces this conclusion: among various formulations, 
OPT2 exhibited the most balanced acidity profile, with a Brønsted/Lewis 
ratio of 1.48 and total acidity of 12.50 mmol g⁻¹ . This balance 
contributed to the highest observed LA yield (20.2 %) and the strongest 
calculated synergy factor (SF = 2.15). In contrast, sample O11—with the 
lowest SF (0.94) and an imbalanced acid ratio—suffered from dimin
ished yield despite having high total acidity, illustrating that coopera
tive balance is more vital than sheer acid concentration.

Catalyst calcination conditions further impacted the balance be
tween acid types. A temperature of 336 ◦C was found optimal, providing 
sufficient thermal activation while preserving the integrity of the 
organic cryogel heteropolyoxotungstate and oxide functionalities. At 
this temperature, acid strength is enhanced without compromising the 
physical framework or causing excessive acid-site leaching.

While inorganic components such as H₃PW₁₂O₄₀ and Nb₂O₅ remain 
catalytically active up to 400 ◦C [37], the cryogel’s organic back
bone—primarily composed of polymers like xanthan gum—begins to 
degrade above 250 ◦C, leading to pore collapse and diminished acces
sibility. Therefore, moderate calcination serves as a crucial compromise, 
preventing structural deterioration while still enabling the formation of 
functional acid domains. This condition also supports the harmonious 
development of Brønsted and Lewis sites, aligning with previous find
ings that Brønsted acid formation increases up to ~1123 K, while Lewis 
acidity tends to diminish with thermal exposure [76]. Notably, samples 
such as O1, O11, and O15, calcined at a lower temperature of 200 ◦C, 
exhibited elevated Lewis acidity—likely due to incomplete trans
formation of Nb₂O₅, which in turn restricted Brønsted site accessibility.

Sample O8 exemplifies this synergy by achieving a high LA yield 
(16.5 %) despite fewer Lewis sites. Its success stemmed from elevated 
H₃PW₁₂O₄₀ loading and a shortened solvent exchange duration, fostering 
robust Brønsted domains and maintaining structural integrity. Mean
while, sample OPT2 demonstrated how fine-tuning synthesis varia
bles—acid ratio, calcination time, and solvent exchange—can 
orchestrate a co-dependent network of Brønsted–Lewis sites, yielding 
exceptional catalytic results.

While the cryogel synthesis method developed in this study is 
effective at the laboratory scale, scaling up presents inherent challenges 
in maintaining batch uniformity and structural consistency. In partic
ular, achieving homogeneous crosslinking, uniform acid dispersion, and 
efficient solvent exchange across larger volumes may require process 
modifications such as continuous mixing, optimized mold geometry, or 
semi-automated freeze-drying protocols. Nonetheless, the use of 
biopolymer-based matrices and mild conditions offers promise for eco- 
friendly scale-up with potential adaptation to pilot-scale systems, pro
vided the parameters identified through CCD optimization are carefully 
controlled.

Taken together, these findings highlight the nonlinear yet coopera
tive relationship between acid-site type and catalyst performance. 
Rather than favoring dominance by one acidity class, the cryogel sys
tem’s strength lies in its ability to harmonize both—leveraging the Ta
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structural reinforcement of Nb₂O₅ with the proton mobility of 
H₃PW₁₂O₄₀. This synergy enables efficient one-pot biomass conversion, 
minimal side reactions, and scalable potential for LA synthesis.

4. Conclusion

This study underscores the critical importance of tailoring catalyst 
design to achieve optimal performance in biomass conversion. By 
employing a sol-gel synthesis approach, H3PW12O40 and Nb2O5 were 
successfully anchored onto a lignin-based carbon cryogel support, 
creating a sustainable and structurally resilient catalyst. This 

formulation enabled efficient, one-pot LA synthesis under mild reaction 
conditions.

Optimization of key synthesis parameters—including the 
H3PW12O40:Nb2O5 ratio, calcination temperature and duration, and 
solvent exchange time—revealed a complex interplay between acidity 
profiles and reaction performance. The optimized sample achieved the 
highest LA yield of 20.1 %, which corresponded with a well-balanced 
acidity dominated by medium-strength acid sites. Notably, excessive 
calcination temperatures diminished these medium sites and triggered 
undesired side reactions due to an overabundance of strong acidity.

Despite having a relatively modest surface area (57.41 m2 g− 1) and 

Fig. 8. BJH adsorption isotherm for assessing pore distribution across (a) pore volume; (b) pore area.
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porosity (0.13 cm3 g− 1), the optimized cryogel exhibited a highly 
accessible mesoporous structure that enhanced mass transport. This 
feature proved especially important during cellulose hydrolysis and 
glucose decomposition stages, facilitating efficient diffusion and reac
tivity within the pore network.

Crucially, the catalyst retained a homogeneous acid-site distribution 
post-treatment, indicating minimal structural loss following calcination 
and solvent exchange. Thermal processing effectively eliminated 
organic residues and transformed surface functionalities into catalyti
cally active domains, further boosting LA yield. Spectroscopic analysis 
revealed a distinctive vibrational band at 1132 cm⁻¹ —formed from the 
merging of the P–O stretch in H₃PW₁₂O₄₀ with the Nb–O vibration in 
Nb₂O₅—highlighting a strong electronic interaction between the acid 
components.

This synergistic interaction, quantified by a synergy factor of 2.15 in 
the optimized sample, was central to the catalyst’s superior perfor
mance. Together, these findings demonstrate that finely tuned integra
tion of Brønsted and Lewis acid sites within a mesoporous lignin-derived 
cryogel framework can significantly improve selectivity, reactivity, and 
overall sustainability in biomass-to-LA conversion.
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Fig. 9. Acid density by NH3-TPD for samples (a) O1; (b) O8; (c) O11; (d) O15; 
(e) O21; (f) O22 and (g) OPT2.

Table 10 
Strength of acid sites of different conditions of carbon cryogel synthesis.

Sample
Acid Density (mmol g¡1)

Weak Medium Strong Total

O1 9.356 5.815 1.967 17.138
O8 0.581 3.129 4.577 8.287
O11 7.632 5.708 2.522 15.862
O15 7.651 5.379 1.999 15.029
O21 1.186 9.200 2.634 13.020
O22 1.150 8.347 2.417 11.914
OPT2 1.556 7.867 3.234 12.657

Fig. 10. UV-Vis spectra represents Hammett acidity function for selected car
bon cryogel samples (a) blank, (b) O1, (c) O8, (d) O11, (e) O15, (f) O21, (g) O22 
and (h) OPT2.

Table 11 
Hammett acidity function for cryogel samples.

Sample Amax [I]% [IH] % H0

Blank 4.388 100.00 0.00 -
O1 2.281 52.91 47.09 1.041
O8 2.167 50.26 49.74 0.995
O11 2.449 56.81 43.19 1.109
O15 2.277 52.81 47.19 1.039
O21 2.286 53.03 46.97 1.043
O22 2.193 50.87 49.13 1.005
OPT2 2.213 51.32 48.68 1.013

Table 12 
Distribution of Brønsted-Lowry and Lewis acid sites in carbon cryogel prepared 
at different conditions of calcination, acid treatment and solvent exchange 
duration.

Sample

Brønsted- 
Lowry acid 
sites 
(mmol g¡1)

Lewis 
acid 
sites 
(mmol 
g¡1)

Total 
acidity 
(mmol 
g¡1)

Ratio of 
Brønsted- 
Lowry to 
Lewis

Synergy 
factor

O1 6.99 10.01 17.00 0.70 1.26
O8 7.77 1.33 9.10 5.85 1.88
O11 5.97 10.53 16.50 0.57 0.94
O15 7.02 8.48 15.50 0.83 1.31
O21 6.96 7.64 14.60 0.91 1.14
O22 7.58 4.72 12.30 1.61 1.55
OPT2 7.45 5.05 12.50 1.48 2.15
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the work reported in this paper.
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