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Introduction

Plastics are essential to modern industrial society; however, the rapid increase in plastic production has
exacerbated the challenges of plastic waste management, resulting in significant environmental and resource
burdens(Jiao et al., 2024). Traditional disposal methods, such as landfilling and incineration, often face issues
related to low recycling efficiency, limited resource recovery, and the risk of secondary pollution(Ahmed, 2023;
Yonghuang et al., 2025). Recently, electrothermal upcycling by Joule heating has emerged as a promising
technology for plastic upcycling due to its relatively low energy consumption, ultrafast heating rates, and potential
for selective production of value-added monomers(Cheng and Tour, 2025; Dong et al., 2023). However, the lack
of in situ, real-time, and quantitative characterization of the electrothermal upcycling process has hindered the
understanding of complex reaction mechanism of plastic waste conversion into products.

Herein, we embark on a new effort to integrate the tunable diode laser absorption spectroscopy (TDLAS)
(Ding et al., 2024) with electrothermal upcycling system by programmable Joule heating (PJH). Such a
combination enables real-time quantification of key gaseous intermediate or products (e.g., CO,, CH4, C,H4, and
H,) during the PJH-enabled PW conversion. The principle of TDLAS is based on the wavelength-selective
absorption of laser radiation by gas-phase species and the quantitative relationship between absorbance and
concentration described by the Beer—Lambert law. By tuning a narrow-linewidth diode laser across a specific
molecular absorption transition, the attenuation of the transmitted laser intensity can be measured and related to
the species concentration along the optical path. Fitting the measured absorption signal yields the line-integrated
absorbance, enabling quantitative determination of target gas concentrations. Owing to its high selectivity, fast
temporal response, and non-intrusive nature, TDLAS is well suited for in situ, real-time monitoring of transient
gaseous products during pulsed Joule-heating-induced plastic electrothermal upcycling. Note that the TDLAS is a
mature technology for trace gas detection in thermochemical or combustion processes(Goldenstein et al., 2017;
Hanson and Davidson, 2014). We extend the TDLAS to electrothermal upcycling of plastic waste for the first time.

In this work, the TDLAS-PJH system has been established, as seen in Figure 1(a). It consists of an in situ,
real-time TDLAS platform and a PJH unit. The TDLAS subsystem comprises distributed feedback (DFB) diode
lasers, a photodetector/optical power meter, a data acquisition (DAQ) card, a computer, and the associated optical
components. Four DFB lasers operating at 1392, 1580, 1654, and 2327 nm are incorporated for selective detection
of H,O, CO,, CH4 and CO, respectively. Upon initiation of the PJH process, the TDLAS system is triggered
simultaneously to monitor the gaseous products generated during plastic electrothermal upcyclingin real time. The
acquired absorption signals are recorded and stored on the computer using a custom-developed data acquisition
and processing program. Figure 1(b) shows the carbon dioxide concentration signal obtained during a single
measurement.
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Figure 1. (a) Schematic of the integrated TDLAS measurement and plastic pulsed Joule-heating experimental
system; (b) in situ, real-time TDLAS response signals of gaseous concentrations.
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Figure 2. (a) Photograph of the plastic sample; (b) schematic illustration of the plastic electrothermal upcycling
process; (¢) compositional distribution of gaseous products; (d) TEM image of graphene obtained as the solid-
phase product.

Figure 2(a) shows the plastic powder samples used for the experimental tests; Figure 2(b) illustrates the Joule-
heating reactor structure employed to hold the samples; Figure 2(c) presents a bar chart of the gaseous product
distribution after plastic electrothermal upcycling; and Figure 2(d) shows the microstructure of graphene in the
solid-phase products obtained from plastic electrothermal upcycling.

This study explores the use of Joule heating for plastic upcycling, addressing challenges in plastic waste
management. Traditional disposal methods are inefficient, and the real-time, quantitative measurement of gaseous
products during Joule heating has been limited. The authors present a novel online TDLAS platform to monitor
key gases like CO,, CH4, C,H4, and H, during plastic electrothermal upcycling. By varying input parameters such
as pulse mode and applied voltage, the study establishes correlations between electrical input and product
distributions, aiding process optimization. The developed system shows high sensitivity for real-time detection of
gaseous products, supporting efficient plastic upcycling.
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