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Introduction
The global imperative to transition toward sustainable energy systems and climate change has intensified the
search for renewable resources (Meys et al., 2021). Lignocellulosic biomass, derived from agricultural residues,
forestry waste, or crops, stands out as a promising candidate due to its abundance, low cost, and carbon-neutral
potential (Staples et al., 2017). It is composed of intricately cross-linked cellulose, hemicellulose, and lignin, and
holds immense value for producing biofuels (Wei et al., 2013), biochemicals (Xia et al., 2021), and advanced
materials (Liu et al., 2022). However, its recalcitrant structure, particularly the protective lignin matrix hindering
enzymatic access to polysaccharides (Li et al., 2018), poses a formidable challenge to efficient valorization.

Pretreatment is a pivotal step for biomass valorization (Kumari et al., 2018). Conventional methods suffer
from significant drawbacks: high energy consumption (e.g., ball milling), strong chemical usage, toxic waste
generation (e.g., sulfuric acid), inhibitory byproduct formation (e.g., steam explosion), or low efficiency/long
duration (biological methods). These limitations underscore an urgent need for innovative strategies that
harmonize efficiency, sustainability, and scalability.

Contact-electro-catalysis (CEC), emerging as a compelling solution, leverages mechanical energy and
electron transfer phenomena to drive chemical reactions under mild conditions. Originally pioneered for
pollutant degradation (Wang et al., 2022; Wang et al., 2024) and battery recycling (Li et al., 2023), CEC
employs ultrasound-induced cavitation and oscillating microparticles to generate localized high temperatures
(~5000°C), pressures (50 MPa), and reactive oxygen species (ROS), synergistically degrading complex
structures. On this basis, we hypothesize that CEC can also revolutionize lignocellulosic biomass pretreatment
by combining mechanical disruption with catalytic degradation, thereby circumventing the pitfalls of existing
methods.

In this study, we demonstrate the first application of tandem mechano-enzymatic catalysis to depolymerize
the wheat straw (Figure 1), a lignocellulosic biomass feedstock. By integrating recyclable SiO2 microparticles
with ultrasonic excitation, rapid biomass deconstruction (80% degradation within 4 hours) was achieved,
significantly enhancing cellulose and hemicellulose accessibility for enzymatic hydrolysis. The CEC treatment
reduced cellulose crystallinity by 12% and outperformed conventional ultrasound pretreatment, improving
conversion efficiency by 35.8% (cellulose) and 78.1% (hemicellulose).

Figure 1. Schematic of the tandem mechano-enzymatic catalysis for pristine wheat straw.
The CEC pretreatment can effectively destroy the structure of lignocellulosic matrix, thereby improving the

subsequent enzymatic hydrolysis efficiency. However, during the enzymatic hydrolysis process, the non-
productive adsorption of lignin to cellulases will reduce hydrolysis efficiency, and the high lignin content in the
enzymatic residual solids presents a challenge for further resource utilization. To overcome the bottleneck of
lignin, a deeper understanding of the depolymerization behavior of lignin by CEC is still needed. Due to the
structural complexity of lignin, this study further used guaiacylglycerol-β-guaiacyl ether (GGE) to probe the
depolymerization mechanism of CEC on the key lignin linkage type β-O-4. The understanding of the obtained
mechanism will be used to optimize the CEC pretreatment strategy, aiming to promote lignin removal or
conversion, thereby reducing enzymatic hydrolysis inhibition and achieving high-value utilization of all
components of lignocellulose.

In lignin surrogate depolymerization by CEC (Figure 2a), its degradation dynamics were monitored by UV-
vis spectroscopy (Figure 2b-c). The paramount ROS, including hydroxyl radicals (•OH), superoxide radicals
(•O2-), and hydrogen peroxide (H2O2), are systematically quantified. The ROS are expected to trigger the GGE
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degradation by hydrogen abstraction, followed by β-scission and hydrogen mitigation reactions. Possible
reaction pathways are projected to highlight the effects of CEC on the β-O-4 linkage in the GGE. We further
scrutinize the long-term stability of the PTFE reagent (or the so-called CEC catalyst) in the GGE conversion.
The CEC can achieve nearly ~100% GGE degradation with a high guaiacol selectivity of >92%, even after five
cycles. Finally, a technoeconomic analysis (TEA) is carried out to highlight the unique attribute of CEC in lignin
treatment.

Figure 2. (a) Schematic diagram of contact-electrocatalytic lignin surrogate depolymerization. Time-
dependent evolution of contact-electro-catalysis (b) and conventional ultrasonication processes (c) monitored by
UV-Vis spectroscopy. All experiments were performed in triplicate, with spectral data representing averaged
measurements.

In summary, this study not only highlights the significant potential of CEC as a green and efficient
pretreatment technology for lignocellulosic biomass, particularly for its recalcitrant lignin component, but also
provides the first in-depth mechanistic insights into the CEC-mediated key lignin bond cleavage—specifically
the β-O-4 linkages—at the model compound level. This research offers an innovative solution to the bottleneck
in the efficient utilization of lignocellulosic biomass and thus helps decarbonize industries that rely on fossil
resources.
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