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Abstract

Lignin is one of the most abundant biopolymers in nature. The major challenge in lignin
depolymerization lies in the formation of complex mixtures that require extensive down-
stream separation. Selective depolymerization strategies aim to overcome this limitation
by promoting controlled bond cleavage while suppressing undesired secondary reactions.
In this work, a series of rare-earth-free, perovskite-type mixed metal oxides with gen-
eral compositions ZnxNi; xTiO3 and CuyNi;yTiO; were synthesized and evaluated as
heterogeneous catalysts for the base-catalyzed depolymerization of lignin. Among the
investigated materials, CuTiO3 exhibited superior catalytic performance, enabling the for-
mation of vanillin as the dominant monomer with high selectivity. The selected catalyst was
further characterized using X-ray photoelectron spectroscopy (XPS), scanning electron mi-
croscopy (SEM), and Brunauer-Emmett-Teller (BET) surface area analysis. The combined
effects of key reaction parameters, including temperature, pressure, lignin-to-catalyst ratio,
NaOH concentration, and reaction time, were systematically investigated using response
surface methodology (RSM). Under the optimized conditions (154 °C, 0.3 MPa, lignin-to-
catalyst ratio of 24.5:1, 10 mL of 0.5 M NaOH, and 12 h reaction time), a monomer yield
of 11.5 £ 0.46% with ~81% GC-selectivity toward vanillin was achieved. These findings
demonstrate that perovskite-type titanates can serve as robust and reusable catalysts.

Keywords: lignin; selective lignin depolymerization; perovskite-type metal catalyst; vanillin

1. Introduction

Lignocellulosic biomass (LCB) is one of the most abundant materials on Earth, serving
as a renewable carbon resource with an anticipated yearly output above one billion metric
tons [1]. LCB is primarily composed of cellulose (35-50%), a linear homopolysaccharide of
—-D-glucose; hemicellulose (20-35%), a branched heterogeneous polysaccharide contain-
ing various C5 and C6 sugars; and lignin (15-30%), a complex three-dimensional aromatic
polymer formed from phenylpropanoid units. Because of its richness in fermentable sugar,
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the cellulose and hemicellulose have been widely used in the fermentation industry for
synthesizing bioproducts via cell factories. In contrast, the lignin remains substantially
underutilized or is burnt for low-energy purposes because of its heterogeneity, complex
structure, and recalcitrant nature, which collectively hinder its controlled depolymeriza-
tion into value-added products [2—4]. Lignin is a phenylpropanoid polymer composed
of three primary structural units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S),
derived respectively from the monolignols p-coumaryl, coniferyl, and sinapyl alcohols.
These units are interconnected through a variety of ether and carbon-carbon linkages,
including B-0—4, a-0-4, 4-O-5, -1, -5, 5-5', and p—B bonds [5,6]. Among these, B-O—4
aryl ether linkages constitute approximately 35-60% of the linkages in softwood lignin
and 60-70% in hardwood lignin, making them the primary targets for depolymerization
strategies. However, the coexistence of multiple bond types leads to a complex mixture
of products upon depolymerization, complicating downstream separation and limiting
practical applications [7].

Scientists have explored various strategies, including reductive, oxidative, thermal,
hydrolytic, and acid-base-catalyzed approaches to valorize lignin [8]. These methods
yield a diverse mixture of compounds, aldehydes, ketones, acids, and hydrocarbons.
Their effectiveness is often limited by poor product selectivity, extensive repolymerization,
and secondary degradation reactions [9]. Oxidative depolymerization typically produces
oxygenated aromatic monomers such as apocynin, vanillin, syringaldehyde, and vanil-
lic acid [10], whereas reductive pathways generally yield complex mixtures of phenolic
compounds and hydrocarbons [11]. The limited selectivity of these approaches reduces
monomer yields and poses significant challenges for downstream processing, scalability,
and economic viability [12]. Furthermore, structural heterogeneity arising from varia-
tions in syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) unit ratios influences depoly-
merization pathways and ultimately determines product selectivity [13]. Consequently,
developing selective depolymerization strategies that suppress undesired side reactions
while promoting targeted bond cleavage remains a challenge in this domain. Among the
available routes, base-catalyzed depolymerization (BCD) has attracted attention due to its
operation under relatively mild conditions, enhanced lignin solubility in alkaline media,
and selectivity toward oxygenated products, although the overall monomer yield is often
lower than that obtained from reductive depolymerization techniques. In alkaline envi-
ronments, phenolic hydroxyl and ether functionalities in lignin are readily deprotonated,
facilitating the cleavage of key linkages, particularly aryl ether bonds, via base-promoted
pathways [14]. However, homogeneous alkaline medium depolymerization often suffers
from extensive condensation reactions and char formation. Suitable heterogeneous catalysts
can mitigate these limitations by stabilizing the reactive intermediate and promoting selec-
tive bond cleavage while suppressing undesired side reactions through tailored acid-base
surface functionalities.

Perovskite metal oxides (PMOs), denoted by ABOs, possess great structural flexibility,
tunable electrical properties, and excellent catalytic activity. Doping these materials with
low-valence cations instead of A-site metal ions generates oxygen vacancies. These va-
cancies enhance catalytic efficiency by facilitating the easier movement of oxygen through
vacancy or interstitial reactions [15]. The defect chemistry of perovskites enables them
to effectively catalyze oxidation and hydrogenation reactions. This is useful for depoly-
merizing lignin under mild conditions. PMOs can degrade lignin by selectively oxidizing
lignin linkages, thereby yielding valuable aromatic compounds, including vanillin and
syringaldehyde [16]. Such compounds are of commercial significance in the fields of flavor,
fragrance, and pharmaceuticals. Vanillin is a high-value product that can be produced
by the selective depolymerization of lignin. It has been reported that the yield of vanillin
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obtained varies between 4.3% and 13.39% (w/w), depending on the catalytic process and
reaction system. For instance, nitrobenzene has been utilized as an oxidant to achieve
vanillin yields of over 13.39% is the highest yield in the literature records [17]. The ability
of metal-based catalysts to facilitate selective lignin depolymerization while remaining
stable and reusable significantly enhances their industrial significance. Certain challenges,
however, need to be addressed to improve lignin depolymerization. Challenges such as
Catalyst deactivation, differences between lignin feedstocks, and the need for scalable and
cost-effective processes are the biggest barriers to commercialization. The heterogeneity of
structure arising from non-uniform syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H)
unit ratios is expressed in the product selectivity on depolymerization [13]. Thus, there
is a need to study the properties of catalysts on the yield and selectivity of monomers to
develop fruitful methods for lignin conversion.

PMOs offer several advantages in addressing these problems. Their thermal and
hydrothermal stability ensures long-term catalytic activity, while redox and acid-base tun-
ability allow for the strict control of reaction pathways [18]. The perovskite has a general
formula of ABOj3, where the A-site metal has a larger ionic radius than the B-site. PMOs
can also stabilize oxygen vacancies, which enhances their catalytic activity for oxidative
depolymerization [19]. This architecture allows independent tailoring of both A- and B-site
compositions without destroying the overall framework, enabling precise control over
electronic structure, oxygen vacancy concentration, redox behavior, and surface reactivity.
Such characteristics make PMOs highly suitable for catalytic applications involving redox
reactions, C—-O bond cleavage, hydrogen transfer, and oxygen mobility key processes in
lignin depolymerization. The previous studies show that most of the PMOs used for lignin
degradation were La-based. The La-based PMOs, such as LaMnO3, LaFeOs, LaCoO3, and
LaNiOs, have achieved a promising monomer yield from lignin (Table 1). The La’* has a
large ionic radius, which stabilizes the perovskite structure, promoting the surface oxygen
vacancy formation and resisting leaching in alkaline media [20]. Despite these widespread
applications of La, it entails several constraints. Rare earth metals are expensive, geographi-
cally limited, and associated with environmentally intensive extraction processes. From the
perspective of large-scale biomass valorization, the reliance on earth metal-based catalysts
constitutes a significant barrier to industrial application. Therefore, the development of
cost-effective earth-abundant and environmentally benign alternatives to La-based PMOs
is both scientifically and economically imperative. In this context, replacing the A-site with
first-row (3d) transition metals represents a compelling and underexplored strategy. Transi-
tion metals such as copper, nickel, and zinc are abundant, inexpensive, and widely utilized.
In contrast, the first-row transition metals in the perovskite lattice impart significant redox
activity and promote lattice distortion, oxygen vacancy formation, and enhanced metal oxy-
gen covalency. For instance, partial substitution of alkaline earth metals such as Ca®* and
Sr?* for La at the A-site demonstrated improved oxygen mobility [21,22]. Although PMOs
incorporating 3d transition metals at the A-site are generally more structurally distorted
and somewhat less stable than their La-based counterparts, they offer superior catalytic
activity for reactions involving C-O bond cleavage, hydrogenolysis, and oxidation. The
utilization of PMO catalysts in lignin valorization aligns with the principles of sustainable
biorefinery processing. These catalysts facilitate cost-effective conversion of lignin into
renewable chemical building blocks, supporting a circular bioeconomy. Further work is
needed to optimize PMO-based catalytic systems, explore novel doping methods, and
enhance the material’s stability and reusability.
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Table 1. Comparison of previous reports on use of PMO catalyst for lignin depolymerization.
. . . o Reactant to . o
S No Perovskite Process Reactant Duration (mins) Temperature (°C)  Pressure (MPa) Atmosphere Solvent Catalyst Ratio Product Yield (%) Ref
sodium ligno Ethanol: Methanol . T
1 LagsCeo4CoOs3 alforacs 720 240 11 N, ) 211 Lignin oil 13.05 [23]
LaNiOs/ Ultrasonic-assisted
2 3 catalytic Commercial lignin 360 250 - - Ethanol/water (1:1) 5:1 Lignin oil 11.46 [24]
MCM-41 -
depolymerization
50 Vanillin 53
3 LaCopsCup,0,  Catalytic wetaerobic Steam-exploded 40 120 2 05 (0.5 MPa) 2 N NaOH 21 Syringaldehyde 128 25]
oxidation lignin from corn
120 p-hydroxy 2.88
benzaldehyde ’
3 LaggSrgoFeOs Catalytic pyrolysis bagasse lignin 120 600 - N, (0.1 L/min) - 3:1 Liquid product 25.73 [26]
4 LaFey,Cuos03 Catalytic Oxidation dealkaline lignin 150 160 0.8 O, 1 N NaOH 20:1 Syringaldehyde 10 [27]
60 Vanillin 4.55
Steam-exploded .
6 LaCoO;3 Catalytic Wet Oxidation lignin from 0 120 2 0, (0.5 MPa) 2 N NaOH 20:1 Syringaldehyde 9-99 [28]
cornstalk -hyd
p ydroxy
120 benzaldehyde 223
7 Ni-LaCoOj3 hydrogenation Kraft lignin 240 280 0.5 H, Ethanol 10:1 Lignin-oil 72.4 [29]
Photocatalytic . . Lignin
8 (CH3;),CHPbCl; degra datign organosolv lignin 60 100 - - Dioxane 40:1 degrag lation 98 [30]
LaFep9Nip103/ Photocatalytic Alkali lignin from R B Alkaline solution at . N
? peroxydisulfate degradation bamboo chips 105 5 10 pH 10:1 Lignin oil 03 (311
LaCoO3 180 67.20
Hydroth 1 AT - Lo
10 LaFeO; ﬁ’q;;’fagg;f Alkali lignin 60 140 N, Methanol 20:1 Lignin oil 59.74 [32]
LaNiO3 140 56.69
11 LagsPro,NiO3 Catalytic pyrolysis organosolv lignin 180 600 - N> (0.1 L/min) - 31 hq;rlggfgfse 21.34 [33]
: i Syringaldehyde 9.30
12 LaMnO; Ca%yfif Wet Air Cornstalk 30 120 1.5-2 N, 2 M NaOH 201 AL [34]
xidation Vanillin 4.32
13 LaMng gCug203 Catalytic Oxidation high-S poplar 10 175 2 He/O, 2 M NaOH 50:1 Monomer yield 30 [14]
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The use of rare earth metals raises significant environmental and economic concerns
because of their limited global availability. In the context of large-scale biorefinery develop-
ment, such dependence represents a major obstacle to commercialization and long-term
sustainability. Therefore, the development of rare-earth-metal-free, transition-metal-based
PMOs for the selective BCD of lignin is an underexplored but strategically important area
of research. First-row transition metals, including copper, nickel, and zinc, are especially
promising candidates owing to their low cost, natural abundance, and versatile coordina-
tion chemistry. When incorporated into perovskite-related oxide structures, these metals
can enable tunable acid-base properties, influence the adsorption behaviour of reactants
and intermediates, and regulate surface oxygen vacancy concentrations. Here, we report
the synthesis of transition metal-based PMOs for selective BCD of lignin. Two series of
mixed-metal oxides ZnxNi; 4 TiO3 and CuyNi; _TiO;, were synthesized and systemati-
cally screened for catalytic activity in BCD. The phase structure of the synthesized catalysts
was confirmed by X-ray diffraction (XRD). The finalized catalyst was further analyzed with
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and nitrogen
physisorption (BET analysis). Response surface methodology (RSM) was employed to
identify the combined effect of parameters such as temperature, pressure, lignin to catalyst
ratio, concentration of alkali, and duration on monomer yield and product selectivity.

2. Results and Discussion
2.1. Catalyst Screening

Two compositional series of mixed-metal PMOs, CuxNi;_,TiO3 and ZnyNi;_TiO;,
were rationally designed and synthesized with controlled variation of the A-site metal
ratio. The Cu-Ni series consisted of CuygNig,TiO3 (Cu0.8), Cug¢Nig4TiO5 (Cu0.6),
Cup4Nip TiO3 (Cu0.4), and CugNipgTiO3 (Cu0.2), while the Zn-Ni series comprised
Zno_zNio_8T103 (ZI‘IOZ), Zn0,4Ni0,6TiO3 (Zn04), ZI’IQ'6NiO'4TiO3 (Zn06), and ZnO.gNiOsziO3
(Zn0.8). The catalytic performance of the synthesized perovskite-type mixed metal oxides
was systematically evaluated for lignin depolymerization, with particular emphasis on
total monomer yield and selectivity toward vanillin (Figure 1). A pronounced depen-
dence of catalytic activity on the nature and composition of the incorporated transition
metals was observed. A systematic catalyst screening study was conducted to evaluate
the influence of the catalyst on BCD toward selective aromatic monomer production. The
catalytic performance was assessed in terms of total monomer yield and selectivity toward
Vanillin, Acetovanillone, and Guaiacol. Statistical evaluation was performed using one-way
ANOVA followed by Tukey’s Honestly Significant Difference test (x = 0.05), confirming
that variations in catalytic performance were statistically significant rather than arising
from experimental variability (Figure S1).

In the case of vanillin selectivity, CuTiO3 exhibited the highest selectivity. Importantly,
Tukey analysis revealed that CuTiOj; is not significantly different from its other catalysts
(Figure S1A & Table S1). However, all catalytic systems showed a statistically significant
improvement compared to the system without a catalyst. For instance, CuTiO3 vs. no
catalyst showed a mean difference of 28.83 (p < 0.001), while ZnTiOj3 vs. no catalyst showed
a mean difference of 22.3 (p < 0.001). This clearly demonstrates that the presence of a metal
catalyst is essential for promoting selective aldehyde formation under alkaline conditions.
The absence of significant differences among CuTiO3, NiTiO3, and ZnTiOj3 systems suggests
that under alkaline oxidative conditions, vanillin formation is not solely dictated by metal
identity but rather by the general ability of the catalyst to facilitate f—O—4 bond cleavage
and Cx oxidation [35]. However, numerically higher selectivity observed for CuTiOs;
indicates a favorable redox environment for aldehyde stabilization.
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Figure 1. Screening of perovskite-type mixed metal oxides for the BCD of lignin. The stacked bars
represent the product selectivity (%) toward vanillin, acetovanillone, and guaiacol, while the blue
line corresponds to the total monomer yield (%). (Conditions: lignin: catalyst loading (25:1); 160 °C;
3 bar; 1 N NaOH; 8 h reaction time).

Tukey analysis reveal that catalysts do not alter the acetovanillone yield significantly
(Figure S1B & Table S2). Mechanistically, this suggests that acetovanillone arises from
secondary oxidation pathways intrinsic to alkaline depolymerization rather than being
strongly catalytically mediated [35]. The statistical uniformity across systems supports
the hypothesis that once lignin fragments are released, subsequent ketone formation
proceeds via solution-phase oxidation rather than surface-controlled processes. In contrast,
the analysis of Guaiacol revealed clear and statistically significant trends (Figure S1C
& Table S3). The parent CuTiO; catalyst showed significantly lower guaiacol formation
compared to Cu 0.8 (p = 0.003), Cu 0.6 (p = 0.004), Cu 0.4 (p = 0.008), NiTiO3 (p = 0.008),
and Zn 0.2/0.4 (p < 0.01). Furthermore, all catalytic systems produced dramatically lower
guaiacol compared to the no-catalyst control (p < 0.001). These findings indicate that CuTiOs
not only promotes vanillin formation but also effectively suppresses demethoxylation or
deep aromatic degradation pathways leading to guaiacol. The statistically significant
reduction in guaiacol relative to most other systems highlights CuTiO3’s superior control
over selective oxidative cleavage, minimizing undesirable side reactions. The big difference
between catalytic and non-catalytic conditions (~97% of Guaiacol production was reduced
with CuTiO3 compared to no catalyst, p < 0.001) confirms that metal-mediated pathways
play a crucial role in preventing uncontrolled lignin fragmentation.

Focusing on total aromatic monomer yield and product distribution among the single-
metal titanates, CuTiO3 exhibited the highest monomer yield (8.5%), followed by NiTiO3
(7.8%) and ZnTiO; (5.4%), clearly demonstrating the superior depolymerization efficiency
of the CuTiOj; system. Statistical analysis confirmed that CuTiO3; produced significantly
higher yields compared to several mixed-metal and Zn-based catalysts, validating the
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intrinsic activity of Cu sites in promoting lignin fragmentation (Figure S1D & Table S4). For
the mixed-metal systems, monomer yield exhibited a clear composition-dependent trend.
In the Cu-Ni-TiOj series, yields decreased progressively with increasing Ni substitution,
from 7.6% for Cu 0.8 to 6.0% for Cu 0.2. This gradual decline suggests that dilution of Cu
active sites reduces the density of catalytically competent redox centers responsible for
3—O—4 bond cleavage. A similar trend was observed for the Zn-Ni-TiOj3 series, where Zn
0.2 yielded 7.6%, decreasing to 5.0-5.4% at higher Zn contents. However, the Zn-containing
systems did not statistically outperform NiTiOj3, indicating that Zn substitution does not
significantly enhance depolymerization efficiency under alkaline conditions.

Beyond total yield, catalyst composition strongly influenced product distribution.
CuTiO; exhibited the highest selectivity toward Vanillin (~84%) (Figure S2), accompanied
by pronounced suppression of guaiacol formation relative to both mixed-metal catalysts
and the uncatalyzed reaction. In contrast, the reaction performed without a catalyst showed
substantially lower vanillin selectivity (~60%) and markedly higher guaiacol formation.
Tukey analysis suggests that all catalytic systems significantly improved vanillin selectivity
compared to the no-catalyst case (p < 0.001), indicating the critical role of the solid catalyst
in directing reaction pathways. The observed enhancement in vanillin selectivity over Cu-
containing compositions is attributed to their ability to promote controlled fragmentation
of lignin while stabilizing aldehyde-type intermediates and suppressing undesired con-
densation reactions. Under strongly alkaline conditions, lighin undergoes base-promoted
cleavage of ether linkages, generating highly reactive phenolic and carbonyl-containing
intermediates. Although the overall performance differences among the catalysts were not
very large, CuTiO3 was selected because it showed the highest suppression of guaiacol
formation. While NiTiO3 and Cu0.8 exhibited a yield comparable to that of CuTiO3, only
CuTiOj3 achieved 97% suppression of guaiacol production relative to the no-catalyst system.
This indicates that the advantage of CuTiOj3 lies not only in its depolymerization activity,
but also in its superior selectivity toward suppressing undesirable guaiacol formation. The
CuTiOj3 surface likely provides a favorable adsorption environment that stabilizes such in-
termediates, thereby enhancing the probability of their desorption as low-molecular-weight
monomers rather than undergoing secondary condensation [36]. Combining selectivity and
yield results reveals a critical structure-activity relationship. Although multiple metals can
promote vanillin formation, only Cu significantly enhances overall monomer production
while simultaneously suppressing guaiacol formation. This dual functionality, efficient
bond cleavage, and selective cleavage explain the statistically superior performance of
the Cu-based system. Based on its consistently high performance across both yield and
selectivity metrics, CuTiO3 was identified as the optimal catalyst and was selected for
further detailed characterization and reaction optimization studies.

2.2. Results of Catalyst Characterization

The XRD patterns of the synthesized perovskite-type mixed metal oxides are shown in
Figure 2. The characteristic reflections corresponding to the perovskite-related phase were
observed at 20 values of 24-27°, 31-36°, 36-39°, ~41°, ~49°, ~54°, ~63°, and ~64°, which
can be indexed to the (012), (104), (110), (113), (024), (116), (214), and (300) planes, respec-
tively [36]. The detailed indexing of diffraction peaks for all compositions is summarized
in Table S5.

The average crystallite sizes were estimated using the Debye-Scherrer equation
(Equation (1)) (Table 2) and were found to be 40.32 nm (CuTiO3), 80.43 nm (Cu0.8),
52.59 nm (Cu0.6), 65.04 nm (Cu0.4), 109.65 nm (Cu0.2), 56.71 nm (NiTiO3), 77.76 nm (Zn0.2),
72.45 nm (Zn0.4), 88.48 nm (Zn0.6), 97.71 nm (Zn0.8), and 51.78 nm (ZnTiOj3). These values
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fall within the nanocrystalline regime for all compositions, confirming the formation of
nanostructured materials.
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Figure 2. Powder XRD patterns of the synthesized perovskite-type and perovskite-type mixed metal
oxides. Minor reflections associated with residual TiO, suggest imperfect phase transformation in
some compositions.

Table 2. List of average crystalline size of the synthesized catalysts.

Catalyst Average Crystallite Size (nm)
CuTiOs 40.32
Cug gNig,TiO3 80.43
Cu4Nig4TiO;3 52.49
Cuy 4Nig ¢TiO3 65.04
Cug2NipTiO3 109.65
NiTiO; 56.71
Zng»Nig s TiO; 77.76
Zng.4Nig ¢ TiO3 72.45
Zng ¢Nip 4TiO3 88.48
Zng sNig»TiO3 97.71
ZnTiO3 51.78

A systematic shift in peak positions was observed with increasing Ni content in both
the Cu-Ni-TiO3; and Zn-Ni-TiOj series. In particular, slight shifts in the (012), (104), and
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(110) reflections toward higher 20 values were noted as the Ni concentration increased. This
behavior can be attributed to the substitution of larger Cu?* (0.73 A) or Zn?* ions by smaller
NiZ* ions (0.69 A), leading to lattice contraction and reduced interplanar spacing [37-39].
Minor reflections corresponding to residual rutile TiO, were also detected, suggesting
incomplete phase conversion during calcination.

The crystallite size was calculated using the Scherrer Equation (1)

KA
~ Beost

)

where D is the crystallite size, K is the shape factor, A is the X-ray wavelength,  is the full
width at half maximum (FWHM), and 6 is the Bragg angle.

XPS was employed to probe the surface chemical states of CuTiO3 (Figure 3). The
survey and high-resolution spectra confirmed the presence of Cu, Ti, and O species at the
catalyst surface. The Cu 2p spectrum exhibited characteristic peaks at 932.5 eV (Cu 2p3,7)
and 951.4 eV (Cu 2p1 /»), accompanied by distinct shake-up satellite features at 941.0 and
961.7 eV, indicative of Cu®* species. The Ti 2p region showed binding energies at 458.9 eV
(Ti 2p3/2) and 463.3 eV (Ti 2pq /»), consistent with the presence of Ti*+ [40-44]. The residual
standard deviation (STD) values obtained for Ti 2p, O 1s, and Cu 2p were 1.74, 1.84, and
1.26, respectively, indicating satisfactory fitting quality.

(A) . Ti2p (B) O1s

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T
468 466 464 462 460 458 456 454 452 534 532 530 528 526

Binding energy (eV) Binding Energy (eV)
(C) Cu2p (D) Cu2p
Cu 2py,
3 Cu? 3 933.9eV
S 961.7ev Pz z
.‘? 952.9ev ; 943.3eV  941eV
7} =
g 2
E g
T T T T T T T
965 960 955 950 945 945 940 935 930 925

Binding Energy (eV) Binding Energy (eV)

Figure 3. High-resolution XPS spectra of CuTiO3: (A) Cu 2p region, (B) deconvoluted Cu 2p3,, region
highlighting the main Cu?* component and associated satellite features, (C) Ti 2p region confirming
the presence of Ti** species, and (D) O 1s region showing contributions from lattice oxygen (Or),
surface-adsorbed oxygen species (O,4s), and defect-associated oxygen environments. These surface
features reflect variations in local coordination and defect chemistry, which influence adsorption
behavior and stabilization of lignin-derived intermediates.

The O 1s spectrum was deconvoluted into multiple components corresponding to
lattice oxygen (Or), surface-adsorbed oxygen species (O,45), and defect-associated oxygen
environments. The oxygen vacancies correspond to the non-lattice oxygen components. The
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surface oxygen vacancy was calculated by the O,45/Oy ratio, which is found to be 0.46. The
calculated oxygen vacancies on the surface were moderate compared to the literature [45,46].
These surface features are commonly associated with under-coordinated metal centers
and structural distortions in PMOs. Rather than acting as active oxidizing agents, such
surface defects can influence adsorption strength, surface basicity, and the stabilization
of reactive lignin-derived intermediates. The relative abundance of these surface oxygen
environments suggests the presence of coordinatively unsaturated sites that may play an
important role in modulating adsorption—desorption equilibria during depolymerization.

Nitrogen physisorption measurements of CuTiO3 were conducted at 77 K, and the
corresponding adsorption—desorption isotherms are shown in Figure 4, with textural pa-
rameters summarized in Table S6. The BET surface area was determined to be 4.62 m? g1,
indicating a low-to-moderate surface area. The t-plot method revealed a microporous
surface area of 2.86 m? g~! and an external surface area of 1.76 m? g~!, suggesting that
approximately 62% of the total surface area arises from micropores (<2 nm). The total pore
volume, calculated at a relative pressure of 0.995, was 0.0425 cm?® g1, while the micropore
volume was 0.00151 cm® g1, confirming that the dominant porosity lies in the mesoporous
regime [47]. BJH and Dollimore-Heal (D-H) analyses yielded cumulative pore volumes
in the range of 0.041-0.045 cm?® g~!. The presence of a hysteresis loop indicates an ink-
bottle-type pore geometry, which is commonly associated with agglomerated particles [48].
The average pore diameter ranged from 32 to 72 nm, placing the material primarily within
the mesoporous regime, with a minor contribution from microporosity likely arising from
intragranular voids. The DFT pore size distribution revealed that the total pore volume for
pores smaller than 233.9 nm was 0.0426 cm® g~ !, whereas the volume of ultra micropores
was only 0.00075 cm® g~!, further confirming the predominance of mesoporosity. The
average particle size estimated from BET data was approximately 1.3 um, indicating the
formation of microscale agglomerates composed of nanocrystalline domains.
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Figure 4. Nitrogen adsorption—desorption isotherms of CuTiO3 measured at 77 K. The hysteresis
loop indicates the presence of mesoporous textural features associated with interparticle voids and
agglomerated nanocrystallites. The relatively low surface area and broad pore size distribution
suggest that catalytic performance is primarily governed by surface chemical properties rather than
purely by surface area.
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SEM images of CuTiOj3 are shown in Figure 5. The micrographs reveal irregularly
shaped particles with a heterogeneous size distribution and morphologies ranging from
nearly spherical to polyhedral. Pronounced agglomeration was observed, likely arising
from sintering effects during high-temperature calcination, which is consistent with the
relatively low BET surface area [49]. The particle sizes extracted from the SEM images
ranged from approximately 147 to 466 nm, indicating the formation of submicron crystal-
lites. These values are consistent with the larger agglomerate size (~1.3 um) inferred from
BET measurements.

05 = 155.82 nm

SEM MAG: 70.0 kx WD: 5.00 mm

Figure 5. SEM images of CuTiO3 recorded at (A) 50,000 x and (B) 70,000 x magnification. The
micrographs reveal irregularly shaped particles with heterogeneous size distribution and pronounced
agglomeration, likely arising from sintering during high-temperature calcination. The observed
submicron crystallites form larger agglomerates, consistent with the textural properties derived from
nitrogen physisorption measurements.

2.3. Response Surface Methodology of Lignin Depolymerization

A total of 50 experimental runs, including 8 center points, were conducted according
to a central composite design (CCD), as summarized in Table 3 and the results are listed
in Table 4. The experimental design, statistical analysis, and numerical optimization were
performed using Design-Expert software (Version 12). A five-factor CCD was employed to
develop a second-order quadratic polynomial model describing the relationship between
the process variables and the monomer yield obtained from the BCD of lignin [50,51].

Table 3. The coded and actual levels of the factors used in the RSM study.

Code Factor Low Level (—1) Medium Level (0) High Level (+1)
A Temperature °C 100 145 190

B Lignin to catalyst ratio 50:1 27.5:1 5:1

C Pressure (Bar) 1 3 5

D Time (Hours) 1 6.5 12

E NaOH (M) 05 2.25 4
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Table 4. The set and results of the experiments (Coded).

Monomer Yield

Run  Temperature Catalyst Ratio  Pressure Time Solvent Conc (wlw)%
1 -1 1 -1 -1 -1 4.52
2 0 0 0 0 0 11.01
3 -1 -1 1 1 -1 6.72
4 0 0 0 0 0 11.98
5 1 1 -1 -1 1 8.41
6 1 -1 1 1 6.29
7 -1 1 -1 1 -1 8.76
8 1 -1 1 -1 1 8.63
9 1 -1 -1 -1 1 8.76
10 1 0 0 0 0 10.68
11 1 1 -1 1 1 8.26
12 0 0 0 -1 0 9.91
13 1 1 1 -1 1 8.65
14 1 1 1 1 1 7.37
15 1 -1 1 -1 -1 8.21
16 1 -1 1 -1 9.40
17 0 0 -1 0 0 9.32
18 1 -1 1 1 -1 8.82
19 0 0 0 0 0 11.85

20 -1 1 -1 -1 1 4.79
21 0 0 0 1 0 10.55
22 1 -1 -1 1 -1 9.20
23 0 0 0 0 -1 10.52
24 -1 1 1 -1 1 5.07
25 0 0 1 0 0 10.00
26 0 0 0 0 0 12.17
27 -1 -1 -1 1 1 7.77
28 0 0 0 0 0 11.38
29 0 0 0 0 0 10.96
30 0 1 0 0 0 9.31
31 -1 -1 1 -1 -1 4.17
32 -1 -1 -1 -1 -1 4.04
33 0 0 0 0 0 11.23
34 1 -1 -1 -1 -1 8.59
35 0 0 0 0 0 11.29
36 -1 1 1 1 -1 8.88
37 1 1 1 1 -1 9.72
38 -1 1 -1 1 1 8.52
39 1 1 1 -1 -1 9.17
40 -1 0 0 0 9.44
41 0 0 0 0 1 9.78
42 1 -1 -1 1 1 8.64
43 1 1 -1 -1 -1 7.72
44 -1 -1 1 -1 1 4.22
45 -1 1 1 1 1 7.38
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Table 4. Cont.

Run Temperature Catalyst Ratio Pressure Time Solvent Conc Monomer Yield

(w/w)%
46 -1 -1 -1 -1 1 5.05
47 -1 -1 1 1 1 5.34
48 -1 1 1 -1 -1 5.05
49 -1 -1 -1 1 -1 7.90
50 0 -1 0 0 0 8.87

The investigated independent variables were reaction temperature (A), lignin-to-
catalyst ratio (B), pressure (C), reaction time (D), and NaOH concentration (E), each varied
at three coded levels (—1, 0, and +1). The experimental response, defined as the monomer
yield (Y, wt%), was fitted to the following quadratic polynomial Equation (2):

5 5
Y =Bo+ ) BiXi+ Y BiyXiX;+ Y BiX; 2)
i=1 i<j i=1
where Y is the predicted response (monomer yield), (X;) represents the coded independent
variables (A-E), (o) is the intercept, (3;) are the linear coefficients, (3;) are the interaction
coefficients, and (f3;;) are the quadratic coefficients describing curvature effects.
The fitted regression model for monomer yield is expressed as Equation (3):

Y =10.999 + 1.144A + 0.287B — 0.176C + 0.722D — 0.250E — 0.195AB — 0.775AD + 0.264BC + 0.184BD

3
—0.289CD — 0.245CE — 0.372DE — 0.775A% — 1.746B% — 1.175C? ®)

The intercept term (39 = 10.999) represents the predicted monomer yield at the center
point of the experimental domain, where all variables are set at their coded zero levels. This
relatively high baseline value indicates that the catalytic system exhibits appreciable activity
even under moderate conditions. Among the linear terms, temperature (A) exhibited the
strongest positive effect on monomer yield, followed by reaction time (D), suggesting that
thermal activation and sufficient contact time are essential for effective lignin fragmen-
tation under alkaline conditions. In contrast, pressure (C) and NaOH concentration (E)
displayed weak negative linear contributions within the studied range, indicating that
excessive severity may promote secondary reactions or reduce the stability of reactive
intermediates. Several interaction terms were found to be significant, with the A-D interac-
tion exhibiting the largest negative coefficient. This implies that simultaneous increases
in temperature and reaction time beyond optimal values can be detrimental, likely due to
enhanced secondary condensation or degradation pathways. The pronounced negative
quadratic term for the lignin-to-catalyst ratio (B?) indicates strong curvature, highlighting
the existence of an optimal catalyst loading beyond which monomer yield decreases. This
behavior underscores the importance of balancing lignin activation with the stabilization
of depolymerization fragments.

Overall, the presence of significant quadratic and interaction terms confirms that the
response surface is highly non-linear, characterized by a well-defined optimum region.
Such curvature cannot be adequately captured by linear models, thereby justifying the use
of RSM for process optimization. The model predicts that maximum monomer yield is
achieved at moderate-to-high values of temperature and reaction time, while maintaining
the other variables near their central levels to avoid excessive degradation or condensa-
tion. The statistical significance of the developed quadratic model and the interaction
effects among the process variables were evaluated by analysis of variance (ANOVA),
as summarized in Table 5. The model exhibited a high F-value (42.99) and a very low
p-value (<0.0001), indicating that the regression is statistically significant and that the fitted
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polynomial adequately captures the relationship between the independent variables and
the monomer yield (Figure 6). This confirms the suitability of the quadratic model for
describing the system within the investigated experimental domain.

Table 5. Statistical parameters for 25 designs.

Source Sum of Squares df Mean Square  F-Value p-Value

Model 234.12 20 11.71 42.99 <0.0001

A-Temperature 44.46 1 44 .46 163.29 <0.0001

B-Catalyst Ratio 2.80 1 2.80 10.26 0.00329

C-Pressure 1.05 1 1.05 3.86 0.05901

D-Time 17.75 1 17.75 65.17 <0.0001

E-Solvent 2.12 1 212 7.80 0.00916

AB 1.21 1 1.21 4.46 0.04346

AC 0.18 1 0.18 0.66 0.42197

AD 19.21 1 19.21 70.55 <0.0001

AE 0.48 1 0.48 1.76 0.19500

BC 2.23 1 2.23 8.19 0.00775

BD 1.08 1 1.08 3.98 0.05566

BE 0.10 1 0.10 0.38 0.54098

CD 2.67 1 2.67 9.79 0.00397

CE 1.92 1 1.92 7.05 0.01276

DE 444 1 4.44 16.30 0.00036

A? 0.69 1 0.69 2.54 0.12200

B2 5.56 1 5.56 20.43 0.00010

2 2.13 1 2.13 7.84 0.00901

D? 0.31 1 0.31 1.15 0.29315

E? 0.48 1 0.48 1.75 0.19581
Residual 7.90 29 0.27

Lack of Fit 6.44 22 0.29 1.41 0.33649
Pure Error 1.46 7 0.21

Cor Total 242.02 49

Among the linear terms, all variables except pressure (C) showed statistically signifi-
cant effects on monomer yield (p < 0.05). The comparatively higher p-value for pressure
(p = 0.059) suggests that its influence is weaker relative to the other parameters under
the studied conditions. This indicates that pressure plays a secondary role in governing
lignin depolymerization in the present alkaline system, compared to temperature, catalyst
loading, reaction time, and base concentration. Several two-factor interaction terms, includ-
ing AB, AD, BC, CD, CE, and DE, were statistically significant (p < 0.05), demonstrating
that the combined influence of these variables cannot be interpreted independently. These
interaction effects reflect the complex interdependence between thermal activation, catalyst
availability, reaction duration, and alkaline strength, all of which collectively govern the
stability and transformation of lignin-derived intermediates. The quadratic terms B? and
C? were also statistically significant, confirming the presence of curvature in the response
surface. This behavior indicates that both catalyst loading and pressure exhibit well-defined
optimal values, beyond which the monomer yield decreases. In contrast, the quadratic
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terms A2, D?, and E? were not significant within the explored ranges, suggesting that these
variables exert nearly linear effects under the selected experimental conditions.
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Figure 6. Pareto chart of standardized effects showing the significance of model terms on monomer
yield obtained from RSM. The vertical reference line at p = 0.05 indicates the threshold for
statistical significance.

The lack-of-fit test was not significant (F = 1.41, p = 0.336), indicating that the model ad-
equately represents the experimental data and that no systematic deviation exists between
the predicted and observed values. Furthermore, the residuals and pure error were within
acceptable limits, confirming the robustness and predictive reliability of the developed
model. As shown in Figure 7A, the normal probability plot of the residuals exhibits an
approximately linear distribution, indicating that the residuals follow a near-normal distri-
bution. Minor deviations observed at the extremes are typical of experimental systems and
do not significantly affect the validity of the model. The absence of pronounced outliers
further confirms the reliability of the experimental data and the suitability of the quadratic
model for describing the system behavior. The residuals versus predicted values plot
(Figure 7B) shows a random and uniform scatter of data points around the zero line, with
no discernible trend or systematic pattern. This randomness indicates homoscedasticity, i.e.,
constant variance of residuals across the range of predicted responses, and confirms that no
hidden variables or systematic errors are influencing the model. The lack of funnel-shaped
or curved patterns further suggests that the selected quadratic model is adequate and that
the inclusion of higher-order terms is unnecessary.
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Figure 7. (A) Normal probability of residual values for lignin monomer yield vs. expected values,
(B) Percentage monomer yield predicted vs. residual.
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2.4. Effect of Process Parameters on Monomer Yield

Among the investigated variables, temperature exerted the most pronounced influ-
ence on monomer yield, as evidenced by its lowest p-value (<0.0001). The monomer yield
increased markedly with increasing temperature up to an optimum, beyond which a slight
decline was observed. At lower temperatures (100-120 °C), the yield remained relatively
low (4-6%), reflecting insufficient thermal energy for effective lignin bond activation and
fragmentation. As the temperature approached the center point of the experimental domain
(=145 °C), the yield increased substantially (10-11%), indicating more efficient depolymer-
ization under these conditions. The optimal temperature was identified as approximately
155 °C, which provided sufficient activation energy for bond cleavage while limiting
secondary degradation and condensation reactions. A decrease in product selectivity at ele-
vated temperatures was also observed (Figure 8), suggesting that excessive thermal severity
promotes side reactions, including repolymerization and further degradation of reactive
intermediates [52]. This behavior highlights the importance of operating within a narrow
temperature window that balances depolymerization efficiency and product stability. The
interaction between temperature and lignin-to-catalyst ratio (A x B) was among the most
significant effects. While increasing temperature accelerates bond scission, its effectiveness
is strongly modulated by catalyst loading. At low catalyst dosages, increasing temperature
alone resulted in only modest improvements in yield, likely due to insufficient stabilization
of reactive fragments at the catalyst surface. At excessively high temperatures (=190 °C), a
marginal decline in yield was observed, which may be attributed to enhanced secondary
reactions, including condensation and irreversible degradation.

The lignin-to-catalyst ratio exhibited both a significant linear effect (p = 0.0033) and a
strong quadratic effect (B2, p = 0.0001), indicating the presence of a well-defined optimum.
At high lignin-to-catalyst ratios (50:1), monomer yield was relatively low, likely due to
limited availability of active surface sites. Increasing the catalyst loading to an intermediate
level (27.5:1) improved yield, reflecting enhanced substrate-surface interactions and stabi-
lization of depolymerization fragments. Further increases in catalyst loading (5:1) resulted
in a slight decline in yield, possibly due to excessive adsorption strength, restricted mass
transfer, or promotion of secondary surface-mediated reactions [53].

Reaction time also played a critical role, exhibiting a significant positive linear effect
(p < 0.0001). Longer reaction durations increased monomer yield, primarily by providing
sufficient time for lignin fragmentation and desorption of stabilized products. However,
the interaction between catalyst loading and time (B x D) suggests that prolonged reaction
times are only beneficial when sufficient catalytic sites are available. At low catalyst
loadings, extending reaction time had minimal impact, whereas excessive residence times
at high catalyst loadings promoted secondary condensation reactions.

The NaOH concentration primarily influenced lignin solubility, ionization of phenolic
groups, and mass transfer to the catalyst surface. Under alkaline conditions, phenolic
hydroxyl groups become deprotonated, increasing lignin solubility and susceptibility to
nucleophilic cleavage. However, the model indicates that lower NaOH concentrations
favored higher monomer yields. Excessively strong alkaline environments likely accelerate
undesired side reactions, including condensation and over-fragmentation, thereby reducing
monomer recovery. Pressure exerted a comparatively weaker linear effect (p = 0.059) but
displayed a significant quadratic contribution (C2, p = 0.009), indicating a non-linear
influence. Moderate pressure (~3 bar) was associated with improved monomer yield,
likely due to enhanced solvation and stabilization of reactive intermediates. At both
lower and higher pressures, yield decreased, suggesting that pressure primarily modulates
physical properties such as solvent density and volatility rather than directly influencing
chemical transformation pathways.
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Figure 8. RSM plots illustration (A) temperature vs. catalyst ratio; (B) temperature vs. duration;
(C) catalyst ratio vs. pressure; (D) duration vs. catalyst ratio; (E) pressure vs. duration; (F) solvent
concentration vs. pressure; (G) solvent concentration vs. duration.

Based on the developed model, the predicted optimal conditions for maximum
monomer yield were a temperature of 154 °C, lignin-to-catalyst ratio of 24.5:1, pressure
of 3 bar, reaction time of 12 h, and NaOH concentration of 0.5 M. Under these conditions,
the model predicted a yield of 12.4%, while the experimentally obtained yield was 11.5%,
demonstrating good agreement between predicted and observed values. The optimized
conditions reflect a balance between sulfficient thermal activation, adequate catalyst surface
availability, controlled alkaline strength, and appropriate residence time. Together, these
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factors promote effective lignin fragmentation while suppressing undesired secondary
reactions, leading to enhanced monomer recovery.

2.5. Reusability and Structural Stability of the Catalyst

The reusability of the synthesized PMOs catalyst was evaluated over five consecutive
reaction cycles to assess its stability and sustained catalytic performance (Figure 9). A
control experiment performed in the absence of the catalyst (Oth cycle) yielded a monomer
yield of 5.8%, representing the baseline contribution of the alkaline medium alone. Upon
introduction of the catalyst, the monomer yield increased markedly to 10.62% in the first cy-
cle, confirming the beneficial role of the solid catalyst in enhancing lignin depolymerization
beyond homogeneous base-catalyzed hydrolysis.
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Figure 9. Reusability of Catalyst (Conditions: lignin: catalyst loading (25:1); 154 °C; 3 bars;
0.5 N NaOH; 12 h reaction time).

To quantify catalyst durability, the monomer yield obtained in the first cycle was
taken as 100% relative activity. In the second cycle, the catalyst retained 96.19% of its
initial activity, indicating minimal deactivation. By the fourth cycle, the relative activity
decreased to approximately 84%, corresponding to a monomer yield of 8.9%, and further
declined to 75% (7.97% yield) after the fifth cycle. Despite this gradual decrease, the catalyst
preserved a substantial fraction of its original activity, demonstrating good operational
stability. Compared with previously reported La-based perovskite catalysts, which retained
87-96.5% efficiency after 3-5 catalytic cycles, the present catalyst maintained 85% efficiency
up to the fourth cycle, which further decreased to 75% after the fifth cycle. Nevertheless,
considering its lower cost, the proposed catalyst may still represent an economically viable
alternative [23,27-29,33,34]. The observed decline in performance can be attributed to sev-
eral factors, including partial surface fouling by oligomeric or carbonaceous deposits, minor
structural reorganization, and unavoidable physical losses during recovery and washing.
In strongly alkaline environments, slow leaching of surface species and modification of sur-
face coordination environments may also contribute to gradual deactivation. Importantly,
no abrupt loss of activity was observed, suggesting that the bulk crystal structure remains
largely intact during repeated use.

To further assess structural stability, the spent CuTiOj catalyst after multiple cycles
was analyzed by XRD (Figure 10). The recycled catalyst exhibited sharper and more defined
diffraction peaks compared to the fresh sample, indicating increased crystallinity. The
average crystallite size increased from 40.32 nm for the fresh catalyst to 71.16 nm after reuse.
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This growth is attributed to thermally driven crystallite coarsening, where smaller crys-
tallites dissolve and redeposit onto larger ones a process commonly described as Ostwald
ripening [54,55]. Although such coarsening can reduce surface area, it does not necessar-
ily compromise catalytic functionality when surface chemistry rather than surface area
dominates reactivity. Overall, the reusability results demonstrate that CuTiO3 maintains
substantial catalytic activity and structural integrity over multiple cycles, underscoring its
potential for practical lignin valorization. The observed stability further supports the role of
this material as a robust heterogeneous platform that promotes controlled depolymerization
while suppressing extensive secondary condensation.

' \— After 1 Cycle
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Figure 10. XRD pattern of the CuTiOj3 fresh and recycled catalyst.

2.6. Gel Permeation Chromatography Analysis

GPC was employed to assess the molecular weight distribution of lignin before and
after depolymerization (Figure 11). Native commercial lignin exhibited poor solubility in
tetrahydrofuran (THF); therefore, acetylation was performed prior to analysis to enhance
its solubility [56]. In contrast, the lignin recovered from the depolymerization reaction (RL)
was directly soluble in THF without any derivatization, indicating a substantial alteration
in its molecular structure and polarity.

The acetylated lignin (AL) displayed a number-average molecular weight of approxi-
mately 1857 g mol !, whereas the depolymerized RL fraction exhibited a reduced molecular
weight of approximately 1379 g mol~! (Table S7). This clear downward shift in molecular
weight distribution confirms that the lignin polymer backbone underwent effective frag-
mentation during the reaction. Importantly, the ability of RL to dissolve in THF without
chemical modification further suggests a decrease in molecular complexity and inter-
molecular association, consistent with the formation of lower-molecular-weight fragments.
This observation supports the monomer formation detected by GC-MS and confirms that
depolymerization proceeded through controlled bond cleavage rather than extensive ran-
dom degradation. The GPC results thus corroborate the catalytic screening and product
analysis, demonstrating that the PMOs promotes effective lignin depolymerization while
limiting extensive repolymerization or condensation. This behavior is consistent with
a mechanism in which the catalyst stabilizes reactive intermediates and facilitates their
desorption as smaller aromatic fragments rather than allowing them to recombine into
higher-molecular-weight species.

https://doi.org/10.3390/catal16060510


https://doi.org/10.3390/catal16060510

Catalysts 2026, 16, 510

20 of 28

—RL
Y — AL
8 | AL
N~
N~
/-'\ o
5 S
)
>
K7
=
g
£
2 T E T i T 1 T I T i
0 5 10 15 20 25 30
Minutes

Figure 11. GPC analysis of Acetylated lignin (AL) & residual lignin (RL) after reaction.

3. Materials and Methods
3.1. Experimental Materials

Commercial dealkaline lignin was purchased from Tokyo Chemical Industry Co.,
Ltd. Tokyo, Japan. Titanium isopropoxide, sodium hydroxide, zinc acetate dihydrate,
copper acetate monohydrate, and nickel acetate tetrahydrate were purchased from Sisco
Research Laboratories Pvt. Ltd., Mumbai, India. HPLC-grade tetrahydrofuran (THEF),
vanillin, guaiacol, and acetovanillone were also procured from Sisco Research Laboratories
Pvt. Ltd., Mumbai, India. HPLC-grade dichloromethane (DCM) was obtained from Merck
Life Science Pvt. Ltd., Mumbai, India. Nylon membrane syringe filters (0.2 um pore size),
(procured from Axiva Sichem Pvt. Ltd.,Sonipat, India) were used for sample filtration prior
to chromatographic analysis. All chemicals were of analytical grade and used as received
without further purification. The depolymerization reactions were carried out using an
Amar Eco-Catalyst Screening System equipped with seven parallel stainless steel batch
reactors (25 mL each) purchased from Amar Equipment Pvt. Ltd., Mumbai, India.

3.2. Catalyst Preparation

PMOs with the general formula MTiO3 (M = Cu, Ni, Zn) were synthesized using a
sol-gel method. In a typical synthesis, 0.01 mol of the respective metal acetate, 0.01 mol
of titanium isopropoxide, and 0.06 mol of citric acid were dissolved in 100 mL of ethanol
under continuous stirring. The resulting solution was stirred for 1 h to ensure complete
homogenization and subsequently heated at 70 °C for 48 h to promote gel formation. The
obtained viscous gel was dried overnight and then calcined in a muffle furnace at 800 °C
for 8 h with a heating rate of 5 °C min~!, following previously reported procedures [36,57].
The calcined powders were finely ground and stored in airtight containers for further use.

3.3. Catalyst Characterization

The phase composition and crystallographic structure of the synthesized catalysts
were analyzed using powder XRD on a Bruker D8 Advance diffractometer (Bruker, Billerica,
MA, USA) equipped with Cu K« radiation (A = 1.5418 A), operated at 40 kV and 30 mA [58].
The diffraction patterns were recorded over a 20 range of 10-80°. XPS measurements were
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carried out using a Thermo Scientific K-Alpha spectrometer, Waltham, MA, USA with
monochromatized Al K« radiation. XPS was employed to examine the surface elemental
composition and oxidation states of the constituent elements. The acquired spectra were
analyzed using CasaXPS software (version 2.5), Casa Software Ltd., Teignmouth Devon, UK.
High-resolution Ti 2p, Cu 2p, and O 1s spectra were deconvoluted after Shirley background
subtraction using mixed Gaussian-Lorentzian line shapes [59]. The specific surface area
(SSA), pore volume, and pore size distribution of the catalysts were determined by nitrogen
adsorption—desorption measurements at 77 K using a Micromeritics ASAP 2020 surface
area analyzer, Malvern, Panalytical, Norcross, GA, USA. Prior to analysis, the samples
were degassed under vacuum at 180 °C for 8 h. The SSA was calculated using the BET
method, while the pore size distribution was derived using the Barrett-Joyner-Halenda
(BJH) model [59]. The surface morphology of the catalysts was examined using an SEM
(VEGAS3, TESCAN, Warrendale, PA, USA). Prior to imaging, the samples were sputter-
coated with a thin layer of gold to improve conductivity [60].

3.4. Base-Catalyzed Depolymerization of Lignin

In a typical depolymerization experiment, 25 mg of dealkaline lignin and the required
amount of catalyst were added to 10 mL of aqueous NaOH solution in a 25 mL stainless
steel batch reactor (Amar Eco-Catalyst Screening System, Amar Equipment, Mumbai, India,
25 mL). The reactor was sealed, purged with nitrogen to remove residual air, and then
pressurized to the desired pressure. The reactor was heated to the target temperature
(100-190 °C) and maintained for the specified reaction time (1-12 h) under continuous
stirring. After completion of the reaction, the reactor was allowed to cool naturally to
room temperature. The reaction mixture was transferred to a clean beaker, and the reactor
was rinsed with distilled water. The washings were combined with the reaction mixture.
The solid catalyst was separated from the liquid phase by centrifugation, for reuse in
subsequent cycles.

The liquid phase was acidified with dilute HCI to precipitate unreacted lignin. The
precipitated lignin was separated by filtration and used for subsequent molecular weight
analysis by gel permeation chromatography (GPC). A 5 mL aliquot of the acidified filtrate
was subjected to liquid-liquid extraction using HPLC-grade dichloromethane (DCM)
(4 x 5mL). The combined organic layers were concentrated to approximately 3 mL and
filtered through a 0.2 pm nylon syringe filter prior to GC-MS analysis.

Quantification of monomeric products was carried out using external calibration with
authentic phenolic standards (vanillin, apocynin, and guaiacol) through a seven-point
calibration in the concentration range of 1-500 ppm.

3.5. Yield and Selectivity

To ensure consistency and clarity in data interpretation, the performance of the
catalytic system was evaluated in terms of monomer yield and product selectivity as
defined below.

3.5.1. Monomer Yield

The monomer yield (Y, wt%) was defined as the mass of GC-MS-quantifiable aromatic
monomers formed relative to the initial mass of lignin charged into the reactor. The yield
was calculated using the following Equation (4):

)

Monomer yield (wt%) = (C *Voem | Vool ) x 100

Vsample Wlignin

where:
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C is the concentration of the monomer determined by GC-MS calibration (mg mL™1),

Vpew is the volume of the concentrated dichloromethane extract (mL),

Vsample 18 the volume of the acidified aqueous phase used for extraction (mL),

Viotal 18 the total volume of the acidified reaction mixture (mL),

Wiignin 18 the initial mass of lignin used in the reaction (mg).

The reported monomer yield corresponds to the sum of the GC-MS-quantifiable
phenolic products, primarily vanillin, guaiacol, and apocynin, and therefore represents an
apparent monomer yield based on detectable low-molecular-weight aromatic compounds.

3.5.2. Product Selectivity

Product selectivity (S, %) toward a specific monomer (e.g., vanillin) was defined as the

fraction of that monomer relative to the total amount of quantified monomers formed:
Selectivity, (%) — —AdSmanomer 49 5)
Massiotal monomer

where:

Massmonomer is the mass of specific monomer quantified,

Massiotal monomer 1S the mass of all quantified monomeric products.

Selectivity values were calculated based on GC-MS quantification using external
calibration curves of authentic standards.

All reported yield and selectivity values represent mean values obtained from dupli-
cate experiments, with deviations within +5%.

3.6. Response Surface Methodology (RSM)

The RSM was employed to systematically investigate the combined effects of key
process variables on the monomer yield obtained from the BCD of lignin. The experimental
design, statistical analysis, and model fitting were performed using Design-Expert software
(Version 12), Stat-Ease Inc., Minneapolis, MN, USA.

Preliminary screening of influential parameters was conducted using a one-variable-at-
a-time approach to identify the most significant factors affecting monomer formation [50].
Based on this preliminary analysis, five independent variables were selected for further
optimization: reaction temperature (A), lignin-to-catalyst ratio (B), pressure (C), reaction
time (D), and NaOH concentration (E). The selected ranges of these variables were chosen
to encompass both kinetically controlled and mass-transfer-limited regimes while avoiding
excessive degradation or condensation reactions. A central composite design (CCD) was
employed to evaluate the individual and interactive effects of these parameters and to
develop a second-order polynomial model describing the monomer yield as a function of
the selected variables.

The experimental data were fitted to a quadratic polynomial model, and the adequacy
of the model was assessed using analysis of variance (ANOVA). The statistical significance
of the linear, interaction, and quadratic terms was evaluated based on the corresponding
p-values, while the quality of the model fit was determined by the coefficient of determi-
nation (R?), adjusted R?, predicted R?, and lack-of-fit tests. Three-dimensional response
surface plots and contour plots were generated to visualize the effects of the independent
variables and their interactions on the monomer yield. Numerical optimization was sub-
sequently performed to identify the optimal reaction conditions that maximize monomer
yield while maintaining high product selectivity.

https://doi.org/10.3390/catal16060510


https://doi.org/10.3390/catal16060510

Catalysts 2026, 16, 510

23 of 28

3.7. Gel Permeation Chromatography (GPC) Analysis

The molecular weight distribution of lignin before and after depolymerization was
analyzed using GPC. The measurements were performed on a Shimadzu LC-20AD UFLC
system equipped with a SIL-20A autosampler and a RID-20A refractive index detector. The
UFLC system along with the autosampler and detector was purchased from Shimadzu,
Nakagyo, Kyoto, Japan A WATERS Styragel® HR 4 THF column (Waters India Pvt Ltd.,
Bangalore, India) (7.8 x 300 mm) was used for all analyses.

Polystyrene standards with molecular weights ranging from 1.39 x 10 t0 2.7 x 10° g mol !
(Shodex Pvt. Ltd., Hyderabad, India) were used for column calibration (Figures S3 and S4) [61].
HPLC-grade tetrahydrofuran (THF) was employed as the mobile phase at a constant flow rate of
0.6 mL min~ . The detector temperature was maintained at 30 °C, while the column temperature
was set at 35 °C.

As the commercial lignin used in this study was not soluble in THF, acetylation was
performed prior to GPC analysis to improve its solubility. The detailed acetylation proce-
dure is provided in the Supplementary Materials [56]. The residue lignin (RL) recovered
after depolymerization exhibited sufficient solubility in THF and was analyzed directly
without further derivatization.

3.8. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

Qualitative and quantitative analysis of monomeric products obtained from lignin
depolymerization was performed using a Shimadzu QP 2010 SE gas chromatograph cou-
pled with a mass spectrometer. The system was supplied by Shimadzu, Geneo, Singapore.
The instrument was equipped with an SH-I-55il MS capillary column (Shimadzu, Geneo,
Singapore) (5% diphenyl/95% dimethylpolysiloxane, 30 m length, 0.25 mm internal di-
ameter, and 0.25 pm film thickness). Helium was used as the carrier gas. The column
flow rate was maintained at 1 mL min~!, with a purge flow of 3 mL min~! and a linear
velocity of 36.1 cm s~ 1. The total flow rate was 9 mL min~!, and the inlet pressure was set
at 49.7 kPa. The injector temperature was maintained at 250 °C, and samples were injected
in split mode with a split ratio of 5:1. The oven temperature program was as follows: initial
temperature of 40 °C held for 1 min, ramped to 100 °C at 5 °C min—! and held for 3 min,
followed by a second ramp to 260 °C at 4 °C min~! and held for 5 min. The total run time
was 61 min. The ion source and interface temperatures were set at 230 °C and 270 °C,
respectively. A solvent delay of 4 min was applied. Preliminary GC-MS screening revealed
that the major monomeric products formed under the investigated reaction conditions
were vanillin, apocynin, and guaiacol. Accordingly, external calibration was performed for
these three compounds using seven-point calibration curves in the concentration range of
1-500 ppm.

3.9. Catalyst Reusability and Stability Tests

The reusability and operational stability of the selected catalyst were evaluated
through consecutive depolymerization cycles under the optimized reaction conditions ob-
tained from the RSM study (154 °C, 0.3 MPa, lignin-to-catalyst ratio of 24.5:1, 0.5 M NaOH,
and 12 h reaction time). After the reaction completion, the solid catalyst was separated
from the reaction mixture by centrifugation, followed by thorough washing with distilled
water to remove any adsorbed organic species or residual alkali. The recovered catalyst
was directly reused without any additional regeneration or thermal treatment. This proce-
dure was repeated for five consecutive cycles to assess the retention of catalytic activity
and selectivity. After each cycle, the liquid phase was processed following the standard
workup protocol described in Section 2.4, and the monomer yield and selectivity toward
vanillin were quantified using GC-MS. The catalytic activity in each cycle was expressed
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relative to the initial activity in the first catalytic run, which was taken as 100%. Any loss in
activity was attributed to possible surface fouling by oligomeric species, partial blockage
of active sites, minor catalyst loss during recovery, or gradual structural changes under
hydrothermal alkaline conditions. The recyclability performance was evaluated based on
the retention of monomer yield and vanillin selectivity across repeated cycles.

4. Conclusions

This study demonstrates that rare-earth-free, transition-metal-based PMOs are effec-
tive heterogeneous catalysts for the selective BCD of lignin into value-added aromatic
monomers, with CuTiO; exhibiting the highest monomer yield, the strongest selectivity
toward vanillin, and ~97% suppression of guaiacol production compared to the no-catalyst
system among the investigated catalysts. RSM optimization established the optimal re-
action conditions as 154 °C, 24.5:1 lignin-to-catalyst ratio, 3 bar pressure, 12 h reaction
time, and 0.5 M NaOH concentration. Under these conditions, the model predicted a
monomer yield of 12.4%, while the experimental yield of 11.5% confirmed the reliability
of the quadratic model. Reusability studies showed that CuTiOj3 retained approximately
75% of its initial activity after five consecutive cycles, with only gradual deactivation due to
minor surface restructuring, fouling, and catalyst loss during recovery. Overall, the study
identifies CuTiO3 as a promising, earth-abundant, and reusable catalyst for lignin valoriza-
tion and provides useful insights into composition-structure-performance relationships for
the development of scalable and sustainable catalytic systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal16060510/s1, Figure S1: Comparative Statistical Evaluation
of Monomer Yield and Product Selectivity over Perovskite Mixed-Metal Oxides via Tukey’s Post Hoc
Analysis (Means that do not share a letter are significantly different); Table S1: Tukey’s Post Hoc
multiple comparison analysis of vanillin selectivity over single- and mixed-metal perovskite catalysts.
Mean differences, 95% confidence intervals (CI), and adjusted p-values are reported following one-
way ANOVA (« = 0.05). Significance levels are indicated as * p < 0.03, ** p < 0.02, *** p < 0.01, and ns
(not significant); Table S2: Tukey’s post hoc multiple comparison analysis of acetovanillone selectivity
over single- and mixed-metal perovskite catalysts. Mean differences, 95% confidence intervals (CI),
and adjusted p-values are reported following one-way ANOVA (x = 0.05). Significance levels are
indicated as * p < 0.03, ** p < 0.02, *** p < 0.01, and ns (not significant); Table S3: Tukey’s post
hoc multiple comparison analysis of guaiacol selectivity over single- and mixed-metal perovskite
catalysts. Mean differences, 95% confidence intervals (CI), and adjusted p-values are reported
following one-way ANOVA (« = 0.05). Significance levels are indicated as * p < 0.03, ** p <0.02,
***p <0.01, and ns (not significant); Table S4: Tukey’s post hoc multiple comparison analysis of
monomer yield over single- and mixed-metal perovskite catalysts. Mean differences, 95% confidence
intervals (CI), and adjusted p-values are reported following one-way ANOVA (« = 0.05). Significance
levels are indicated as * p < 0.03, ** p < 0.02, *** p < 0.01, and ns (not significant); Figure S2: GC-MS
Chromatogram of CuTiO3-catalysed lignin depolymerization; Table S5: The characteristic reflection
peaks of the synthesized PMOs; Table S6: Summary of Textural Properties of CuTiO3 Catalyst
Obtained from N, Adsorption-Desorption (BET) Analysis; Table S7: Molecular weight and retention
time of GPC standards and lignin samples; Figure S3: GPC analysis of Polystyrene standards; Figure
S4 Calibration Curve for Log10(Mw) vs. Retention Time of poly styrene standards (R? = 0.9888,
Equation y = —0.3187(RT) + 8.7616); Reference no. [56,61] was cited in the Supplementary Material.
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THF Tetrahydrofuran

XPS X-ray photoelectron spectroscopy
SEM Scanning electron microscopy
XRD X-Ray Diffraction

BET Brunauer-Emmett-Teller

RSM Response surface methodology
LCB Lignocellulosic Biomass

BCD Base catalyst Depolymerization

PMO Perovskite Metal Oxide
DCM Dichloromethane

BJH Barrett-Joyner-Halenda

GPC Gel Permeation Chromatography
CCD Central composite design
ANOVA  Analysis of variance

AL Acetylated Lignin

RL Residue lignin
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