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Syngas from waste plastics and water using
Joule heating

Qing Ma1, Yongjun Gao 1 , Chengcheng Cai 2, Tianfu Wang 2 &
Ding Ma 3

The development of innovative, sustainable, and atom-economic methods to
tackle the escalating problem of plastic pollution is crucial. A Joule-heating
system capable of reforming waste plastics and water into syngas has been
developed, which can process 2.5 g of waste plastic (equivalent to a whole
plastic food bag) and 5.5 g through ten batches of reaction. Control experi-
ments, kinetics, and in-situ experiments reveal that the proton hopping under
the electric field is the key step in reforming gaseous hydrocarbons with water
into syngas. Due to its high energy efficiency, this wet reforming system can
utilize solar energy as the sole energy source, extracting syngas from waste
plastic and water without the need for additional transition metal catalysts.
Consequently, this approach offers an efficient strategy for storing solar
energy in the form of syngas and offers a sustainable solution to the envir-
onmental challenges posed by the accumulation of plastic waste.

Syngas, a mixture of carbon monoxide (CO) and hydrogen (H2), is a
crucial intermediate for the production of bulk chemicals such as
methanol and synthetic fuels1. Current syngas production methods
predominantly rely on fossil-based feedstocks, including coal, natural
gas, and heavy oil. These processes are energy-intensive and con-
tribute significantly to greenhouse gas (GHG) emissions2. Thus, sub-
stituting fossil raw materials and fuels in the syngas production
process can reduce dependence on fossil resources and potentially
decrease or eliminate GHG emissions.

Plastics, collectively known as synthetic polymers, are primarily
derived from fossil resources and are indispensable in modern life3–6.
Global plastic production exceeds 430 million tons annually, with
nearly two-thirds destined for short-lived applications. Following their
brief utility, these plastics contribute to vast accumulations of waste,
posing threats to ecosystems and humanhealth7,8. Traditional disposal
methods, such as landfilling and incineration, come with significant
drawbacks, including farmland contamination and high CO2 emis-
sions. This highlights an urgent need for environmentally friendly and
sustainable strategies to manage plastic waste9–12. Currently, various
chemical methods have been developed to upcycle or depolymerize

waste plastics with the assistance of various catalyst13. Catalytic pyr-
olysis, hydrogenolysis, and alcoholysis can all transfer various plastics
into high-value chemicals14–19. Furthermore, the high CH2 content of
plastics makes them an attractive alternative to fossil feedstocks for
syngas production20,21. Two-stage strategies have been developed,
wherein plastics are first gasified into gaseous hydrocarbons and then
reformed with CO2 or H2O at elevated temperature to produce
syngas22–24. However, the high temperature required in theseprocesses
typically depends on fossil fuel combustion, which consumes resour-
ces and releases CO2. Plasma catalysis can provide high temperatures
for the reforming process and achieve an ideal yield of syngas.
Nevertheless, this approach necessitates specialized equipment,
including ultrahigh-frequency high-voltage generators and high-
melting-point electrodes/catalysts. Moreover, even state-of-the-art
plasma-catalytic systems for plastic reforming still require energy-
intensive pre-gasification steps, limiting their sustainability. To
enhance the sustainability of waste plastics processing, renewable
energy sources, such as solar energy and wind energy, have been
adopted directly or indirectly25. For instance, photothermal systems
powered by sunlight can convert mixed waste plastics containing

Received: 23 December 2024

Accepted: 10 June 2025

Check for updates

1Hebei ResearchCenter of the Basic Discipline of SyntheticChemistry, College of Chemistry andMaterials Science, Hebei University, Baoding, China. 2School
of Environmental Science and Engineering, Frontiers Science Center for Transformative Molecules, Shanghai Jiao Tong University, Shanghai, China. 3Beijing
National Laboratory for Molecular Sciences, New Cornerstone Science Laboratory, College of Chemistry and Molecular Engineering, Peking University,
Beijing, China. e-mail: yjgao@hbu.edu.cn; tfwang@sjtu.edu.cn; dma@pku.edu.cn

Nature Communications |         (2025) 16:6015 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-2059-3168
http://orcid.org/0000-0003-2059-3168
http://orcid.org/0000-0003-2059-3168
http://orcid.org/0000-0003-2059-3168
http://orcid.org/0000-0003-2059-3168
http://orcid.org/0000-0001-8349-3039
http://orcid.org/0000-0001-8349-3039
http://orcid.org/0000-0001-8349-3039
http://orcid.org/0000-0001-8349-3039
http://orcid.org/0000-0001-8349-3039
http://orcid.org/0000-0003-0026-5458
http://orcid.org/0000-0003-0026-5458
http://orcid.org/0000-0003-0026-5458
http://orcid.org/0000-0003-0026-5458
http://orcid.org/0000-0003-0026-5458
http://orcid.org/0000-0002-3341-2998
http://orcid.org/0000-0002-3341-2998
http://orcid.org/0000-0002-3341-2998
http://orcid.org/0000-0002-3341-2998
http://orcid.org/0000-0002-3341-2998
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61051-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61051-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61051-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61051-2&domain=pdf
mailto:yjgao@hbu.edu.cn
mailto:tfwang@sjtu.edu.cn
mailto:dma@pku.edu.cn
www.nature.com/naturecommunications


polyvinyl chloride into methane and hydrochloric acid, with the
required hydrogen supplied by a photovoltaic-powered electrolyzer.
Similarly, Joule heating systems coupled with photovoltaics have been
used to reform plastics with CO2 into syngas26. However, a small
amount of char and tar was left in the system, resulting in the low
carbonutilization inwaste plastics, especially in the large-scale reactor.
In addition, the real waste plastics are not clean and usually contain
various contaminants, such as food residues, oil, and dyes, which
makes it difficult for the developed catalytic systems to upcycle real
waste plastics directly. Therefore, it needs to further develop an
excellent catalytic system to transform real waste plastics into value-
added chemicals.

Herein, a wet reforming system promoted by Joule heating was
developed to convert various waste plastics, including food residues,
vegetable oil, and water, into syngas. The electrified FeCrAl heating
wire in the center of the reactor provides the high temperature for
instant gasification of plastics andwater, aswell as active catalytic sites
to reform gaseous hydrocarbons and steam into syngas. Water in the
system provides hydrogen and oxygen elements to reform the fra-
mework of plastics into CO and H2. The presence of excess water does
not generate further CO2 in the system, making the reforming system
suitable for converting the real waste plastics containing food resi-
dues, oil, and even wastewater into syngas. The scaled-up reactor is
capable of processing 0.25 g of waste polyethylene (PE) plastic and
0.55 g of water within 25min, and can be recycled at least ten times,
totally converting a total of 2.5 g of waste plastic (equivalent to awhole
plastic foodbag) and 5.5 g ofwater into syngas. By using a photovoltaic
system under sunlight to electrify the heating wire, the large-scale wet
reforming process can be carried out smoothly. This work presents a
practical and efficient approach for addressing plastic pollution by
using solar energy to extract carbon/hydrogen resources from waste
plastic and water without the need for precious metal catalysts.

Results
Wet reforming of plastics
In general, instruments for the reforming of plastic with CO2 or H2O
typically consist of two furnaces27. The first furnace is used to pre-
pyrolyze plastic into gaseous hydrocarbons, while the second furnace
reforms these hydrocarbons with H2O or CO2 to produce syngas. The

active reforming catalyst and high temperature in the second furnace
are essential to the reforming process28. In addition, residual carbon is
inevitably generated in the pre-pyrolysis furnace, which leads to the
waste of the carbon source in plastics.Moreover, the energy utilization
efficiency of the two-segment instrument is suboptimal due to heat
conduction losses from the furnace to the reactant or catalyst bed.
Joule heating reactor is an internal heating reactor that avoids the heat
conduction process, thus leading to high energy utilization
efficiency29. Additionally, the instantaneous heating feature of Joule
heating minimizes some side reactions during plastic gasification. To
facilitate the feeding of plastics into the Joule heating zone, a T-type
quartz or stainless-steel reactor equippedwith two electrodes, twoball
valves, one inlet, and a heating wire was developed (Fig. 1).

In the initial stage screening and optimizing reaction conditions,
the reactor was composed of a T-type quartz tube, two sets of metal
flange equipped with a ball valve and an electrode, and a metal blind
flange as reactant inlet (Supplementary Fig. 1, the detailed information
waspresented in the part ofMethods.Warning: experimental operator
must take personal protective equipment). The T-type quartz tube has
the following dimensions: a main tube length of 100mm, a side arm
length of 50mm, anouter diameter of 25mm,and an inner diameter of
19mm. Therefore, the thickness of the quartz tubewall is 3mm, which
can tolerate moderate pressure during the experiment. In this study,
the product yields are calculated relative to the elemental content of
the plastic reactant as the theoretical yield, enabling direct evaluation
of elemental recovery efficiency fromplastic feedstock. Consequently,
in the PE wet reforming reaction, the theoretical H2 yield may exceed
100% when the CO yield surpasses 50%. The contribution of water to
hydrogen production can be quantified through either the CO yield or
the difference between H2 and CO yields (H2 yield–CO yield). When
using 14mg PE powder (which can be considered as 1mmol CH2) as a
model plastic reactant, it requires at least 1mmol H2O to convert into
H2 and CO. Therefore, 14mg PE and 20 µL H2O were initially added to
the Joule heating reactor. As a heating component, a length of heating
wire (2 Ω) was installed in the reactor, and a current of 7 amperes
flowed through the heating wire. The temperature in the reactor can
instantly reach 800 °C. After 12min, 0.70mmol CO and 1.22mmol H2

can be obtained, which corresponds to the H2 and CO yields of 122%
and 69%. In addition, 0.003 g residual carbon and trace amounts of
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Fig. 1 | Schematic diagram of the Joule heating-promoted wet reforming of waste plastics using solar energy. A Joule heating system powered by solar energy for
reforming waste plastics and water into syngas.
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CO2 were detected, with the carbon balance reaching almost 100%
(Fig. 2a). The detailed calculation for carbon balance is presented in
the Supplementary Tables 1–3. To fully utilize the carbon elements in
PE, excessive amounts of H2O should be added. In the presence of
30 µL H2O, 0.99mmol CO and 1.74mmol H2 can be obtained, which is

close to the theoretical yields and achieves an ideal carbon balance.
The yields of H2 and CO reach 174% and 99%, respectively. When the
amount of H2O was further increased to 50 µL, 0.063mmol CO2 was
detected, corresponding to a decrease of CO yield from 0.99mmol to
0.89mmol, and a maintenance of the H2 yield at approximately 172%.
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Fig. 2 | Reforming performance over FeCrAl wire and the comparison with
other systems. a PE wet reforming with different H2O quantity, Reaction condi-
tions: PE 14mg, FeCrAl heating wire 2 Ω, current 7 A,12min; b screening of elec-
trifiedpower andheatingwirediameters, Reaction conditions: PE 14mg,H2O30 µL,
12min; c wet reforming of various plastics, Reaction conditions: n(CHx) 1mmol,

FeCrAl heatingwire 2Ω, current 7 A;dwet reforming of various plastic product and
PE bag containing colorants, paint and food residue. e The comparison of the
current work with other reported reports and f wet reforming results of a real PE
bag in a ten-continuous reforming process. Reaction condition for each batch: PE
bag 0.25 g, H2O 550 µL, FeCrAl heating wire 4 Ω, current 7 A, 25min.
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This indicates that a small amount ofwater reactedwithCO toproduce
CO2 and H2 even in the presence of excess H2O, further demonstrating
the high selectivity of the reforming system to syngas. Ultimately,
30 µL was selected as the optimal dosage for reforming 1mmol of CH2

in plastics to syngas in the subsequent research. In addition, the
heating wire in the Joule heating reactor is a key component for pro-
viding the high temperature. The diameter of the heating wire deter-
mines the resistance value per unit length and its tolerance to the
maximum current (Supplementary Fig. 2 and Supplementary Table 4).
The thinner heating wire has a higher resistance value per unit length,
but a lower tolerable maximum current. The thicker one has a smaller
resistance value per unit length but a larger tolerable current. When
the resistance value of the heating wire was set at 2 Ω across different
diameters and the maximum tolerable current was applied, the
reforming performance varied with the heating wire diameter. It was
found that the syngas yield was proportional to the power of the
heating wire (Fig. 2b). When the power was kept at 100W for each
heating wire with different diameter and the maximum tolerable cur-
rents were selected (the length and resistance value are different for
different heating wires), the syngas productions on different elec-
trified heating wires were almost the same (Fig. 2b). However, if the
currentflow through theheatingwirewasnot large enough to keep the
heating wire in a red-hot state, the syngas yield was not ideal despite a
power of 100W. These findings indicate that both the power and the
maximum working current of the heating wire are key factors that
affect the reforming performance. Specifically, the heatingwire should
be in a glowing state and have enough power to reach a high tem-
perature in the reactor and thus promote the reforming of PE and
water into H2 and CO.

More importantly, other plastics, such as polypropylene (PP),
polystyrene (PS) and polyethylene terephthalate (PET) can also be
reformed into syngas with water within 12min (Fig. 2c). Due to the 1:1
carbon-to-hydrogen (C/H) ratio in PS, water contributes more sig-
nificantly to hydrogen production in PS wet reforming compared to
PE, achieving 287% of H2 yield. Furthermore, higher CO2 yields were
observed in PP and PS reforming compared to PE wet reforming, likely
attributable to their higher C/H ratios. For PET with C/H/O of 10:8:4, a
tiny amount of solid was left after the wet reforming reaction. These
results demonstrate that the composition or molecular structure of
plastic influences the reforming performance, suggesting different
reforming mechanisms for different plastics. The reforming mechan-
isms for different plastics will be researched in the part of Mechanism
research. To demonstrate the practical application in upcycling waste
plastics, the real plastic items, such as high-density polyethylene
(HDPE) bottle, surgicalmask, PE pipette, PETbottle, PS box, colored PE
bag and printed PE bag can all be reformed with water to produce
syngas (Fig. 2d). Notably, the Joule-heating promoted wet reforming
system can convert actual plastic waste contaminated with food resi-
dues (rice/cookie crumbs) into syngas. The carbon balance exceeding
100% indicates that both the PE bag and carbohydrate components
(food residues) can be reformed with water under optimal reaction
conditions. Under optimal conditions, the syngas production perfor-
mance of the Joule heating system is promising compared to other
reforming systems (Fig. 2e and Supplementary Table 5)23,30–35. In
addition, the system does not require special catalysts and does not
generate solid residues, making it easier to operate and scale up.
Therefore, the waste plastics collected in the rubbish dump can be
reformed into syngas directly or after simple cleaning with water. The
water remaining in the waste plastics can directly serve as a reactant in
the reforming of waste plastics. To demonstrate the practical appli-
cation in converting plastic waste, a custom-fabricated T-type
stainless-steel reactor was developed, which has an inner diameter of
35mm, anouter diameter of 38mm, and amain tube length of 125mm,
which houses a quartz boat equipped with a heating wire at its center.
The side tube is 43mm long and serves as the feeding inlet. For safety,

a pressure gauge and a decompression valve are equipped (Supple-
mentary Fig. 3). In this stainless-steel reactor, 0.25 g of PE and 0.55mL
ofwaterwere reformed into syngas in 25min in eachbatch reaction. As
shown in Figs. 2f, 2.5 g of real waste plastic and 5.5 g of water were
converted into approximately 229mmol H2 and 95mmol of CO over
ten batch reactions under laboratory conditions, achieving an ideal
carbon balance (Supplementary Tables 6 and 7). This demonstrates
the practical applicability of the Joule heating reforming system for
upcycling waste plastics and extracting hydrogen from water. This
technology, therefore, offers a viable alternative to electrochemical
hydrogen production, eliminating the need for noble metal catalysts.

Notably, trace amounts of residual solid and C2+ hydrocarbons
were detected during the final two cycles of the ten recycling experi-
ments, concomitant with an increase in CH4 yields. This observation
suggests that the accumulation of residual coke adversely affected the
wet reforming of PE under the optimal reaction conditions. To validate
this hypothesis, 0.5mg of coke derived from PE dehydrogenation was
introduced into the PE wet reforming system. If the water dosage was
still same to the one in optimal conditions, more CO2 and hydro-
carbons were detected andmore solid was left (Supplementary Fig. 4).
We deduced that the coke in the system consumed some water to
produce H2 and CO2 so that the water in the system is not enough to
reform the PE. If 90μL of water was introduced into the system, the
yields of H2, CO2, and CO all increased, although a small amount of
solid was still left, accompanied by a carbon balance of 120%. Thus, it
can be concluded that the coke accumulated in the system competi-
tively consumed water, impacting the PE wet reforming performance.
However, this adverse factor can be eliminated or reversed by
increasing the water dosage in the wet reforming reaction.

Mechanism research
To investigate the reforming mechanism of plastic over electrified
heating wire, the kinetics of various experiments, such as wet
reforming of PE, PE dehydrogenation, and water decomposition, were
carried out over electrifiedheatingwire. Under optimal conditions, the
residual solid gradually decreased with the increasing reaction time,
corresponding to the simultaneous increase in CO and H2 yields
(Fig. 3a). A small amount of coke deposited on the boat was observed
at the initial stage of the reaction, andwas eventually reformed intoCO
in the presence of H2O finally (Supplementary Fig. 5). The yield of CH4

peaked in the first half of the reaction time, indicating its role as an
intermediate in the reforming process. When no water was present in
the reactor, PE dehydrogenation occurred (Fig. 3b). The residual mass
in the system initially decreased before increasing as the reaction
progressed, which correlated with an initial rise and subsequent
decline in hydrocarbon yields (CH4 and C2+). The H2 yield increased
rapidly in the initial stage, then slowly until the reaction was com-
pleted. These results suggest that PE dehydrogenation and decom-
position both occurred at the initial stage when there was no water in
the reaction system, resulting in a residual decrease. With the dehy-
drogenation of the gaseous hydrocarbons, the H2 yield and the resi-
dualmass increased gradually in the last half of the reaction stage. The
morphology of coke generated from PE dehydrogenation resembles
that generated at 3min during the wet reforming of PE (Supplemen-
tary Fig. 6), with both exhibiting aggregated nanospheres. The H2

production in PE wet reforming is higher than that in PE dehy-
drogenation at any time point, showing the important contribution of
water decomposition to H2 production.

Based on the comprehensive kinetic data, it has been determined
that the degradation pathways of PE, whether through wet reforming
or dehydrogenation processes, consistently exhibit first-order reac-
tion behavior, as evidenced by the linear relationship between ln(1/a)
and reaction time (Fig. 3c). The letter “a” in ln(1/a) represents themole
number of PE left in the reactor at each reaction time “t”. The rate
constant of PE degradation in wet reforming of PE is about
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0.2546min−1 according to the slope value of ln(1/a) ~ t plot, which is
larger than that in PE dehydrogenation (0.1043min−1). Furthermore,
systematic kinetic investigations were conducted across a range of
reaction temperatures byprecisely regulating the currentflow through
theheatingwire. The results demonstrate that the rate constants for PE
degradation in both wet reforming and dehydrogenation of PE exhibit
a pronounced temperature dependence, which can be well described
by the Arrhenius equation (Fig. 3d). The lower apparent activation

energy (14.08 kJ•mol−1) of PE degradation in wet reforming of PE than
the one (25.17 kJ•mol−1) in PE degradation indicates the different
degradation pathway of PE in the two processes. According to the data
for plotting the Arrhenius equation of wet reforming of PE, a rela-
tionship between syngas yield (Y: %), electrified power (P: W), tem-
perature (T: K), and reaction time (t:min) can be derived. Based on this
equation (Eq. 1), the syngas yield can be determined under the con-
ditions of sufficient reactant availability and kinetic-controlled

Fig. 3 | Kinetic studies of the wet reforming and dehydrogenation of PE.
a Kinetics of wet reforming of PE, Reaction conditions: PE 14mg, H2O 30 µL, FeCrAl
heating wire 2Ω, current 7 A; b kinetics of PE decomposition, Reaction conditions:
PE 14mg, FeCrAl heating wire 2 Ω, current 7 A; c first-order reaction plots for PE
degradation during the wet reforming and decomposition; d Arrhenius

relationshipsbetween rate constants and temperature; e the contributionofH2O to
H2 yield in water decomposition and wet reforming of PE; and f FTIR spectra of gas
products at different reaction intervals inwet reforming of PE, PE 14mg,H2O 30 µL,
FeCrAl heating wire 2 Ω, current 7 A.
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reaction regime.

Y =0:0349P +0:8706T +30:34t � 1:396× 103PT � 766:144 ð1Þ

The contribution of water to H2 yield can be calculated by sub-
tracting the H2 yields produced by PE decomposition from those
produced during thewet reforming of PE (Fig. 3e), thereby quantifying
the amount of H2 derived from water. We also investigated the water
decomposition over the electrified heating wire at the same time
points. It was found that the H2 yields of water decomposition in the
initial phase (1min and 3min) were higher than those obtained by
water decomposition in wet reforming of PE, but significantly lower
than those in the latter stages of the reactions (Fig. 3e). Furthermore,
the weight of the heating wire increased slightly after the water
decomposition (Supplementary Table 8). Therefore, it can be con-
cluded that the electrified heating wire can promote H2 production
fromwater by taking away oxygen fromwater at the initial stage of the
reaction. Surface oxidation of the heating wire reduces its capacity to
extract oxygen from water over time, leading to lower activity in
producing H2 through water decomposition. However, in conjunction
with PE dehydrogenation, the oxygen coated on the surface of the
heating wire can be removed in the form of CO by the carbon species
generated during PE dehydrogenation, resulting in a significant con-
tribution to H2 production from water in the final half-stage of wet
reforming of PE.

The FTIR spectra of gaseous products at different reaction inter-
vals further demonstrate themutual promotion between PE and water
decomposition (Fig. 3f and Supplementary Fig. 7). Under the normal
reaction conditions, the characteristic vibrations of CO
(2100–2200 cm−1) and gaseous hydrocarbons (2850–3200 cm−1) were
detected as early as 10 s after electrification. After 1min, the intensity
of the two types of signals was obviously strong, and then increased
with increasing reaction time (Fig. 3f). In contrast, when no water was
present in the reaction system, the signal intensity of gaseous hydro-
carbons at 2850–3200 cm−1 was weak even after 1min of electrification
(Supplementary Fig. 7). With the extension of electrification time, the
characteristic vibration of gaseous hydrocarbons gradually became
stronger, and the weak vibration of CO did not increase obviously
because the finite oxygen in the system can only be provided by the
heating wire. The experiments also demonstrate that PE first decom-
posed into gaseous hydrocarbons under the thermal irradiation of the
electrified heatingwire, and the produced hydrocarbons subsequently
reformed with H2O to produce syngas. The presence of H2O can pro-
mote PE decomposition. Correspondingly, attenuated total reflection
Fourier-transform infrared (ATR-FTIR) analysis of residues at different
reaction times indicates that the duration of PE decomposition in the
absenceofwaterwas about 3min, longer than the time (about 1min) in
the presence of water (Supplementary Figs. 8 and 9). However, the
FTIR analysis cannot provide evidence for H2O decomposition pro-
moted by PE decomposition because the hydrogen molecule lacks IR-
active characteristic vibrations.

The kinetics of wet reforming and dehydrogenation processes of
PS, as well as PET, were also systematically investigated (Fig.4). In the
wet reforming of PS (Fig.4a), the residual solid content decreased to
61% after just 1min of heating wire activation (Supplementary Fig. 10),
with concurrent production of 28% CO, 14% H2, 19% C2+ and trace
amount of CH4 and CO2. Notably, the C2+ hydrocarbon contains fused-
ring compounds according to GC-MS analysis (Supplementary Fig. 11),
and the residual solid was black coke. At the reaction timeof 3min, the
residual solid was only 32%, and the yields of H2 and CO increased to
25% and 49%. The yield of C2+ products decreased slightly, and the
contents of CH4 and CO2 showed no obvious change. By 9min, the
consumption rate of residual solids decreased obviously, and the yield
of C2+ products decreased, alongwith the increase ofH2 andCOyields.
After that, the decrease rate of residual coke yield and the increase rate

of H2 and CO yields both obviously decreased, while the CO2 yield
increased slightly. The dehydrogenation kinetics of PS (Fig.4b)
demonstrated rapid H2 generation during the initial 3min, approach-
ing the theoretical yield by 3 min. The residual solid mass showed a
decrease in the initial stage and a slight increase at the final stage. The
C2+ products can also be detected at the reaction of 1min. The mor-
phology of coke derived from wet reforming of PS is similar to that
obtained from PS dehydrogenation (Supplementary Fig. 12), both
exhibiting a nanosphere structure. These results demonstrate that
both wet reforming and dehydrogenation of PS have a fast dehy-
drogenation rate. The existence of phenyl groups in PS enhances the
production of fused-ring compounds and accelerates coke formation
under Joule heating conditions. PET wet reforming kinetics (Fig. 4c)
similarly exhibited a fast initial reaction rate. At the reaction time of
1min, the residual solid was left 66%, and the yields of CO and H2

reached to 36% and 10%. At the reaction time of 3min, only 28% solid
was left, and the yield of CO increased to 60%, while the H2 yield was
only 15%. After that, the reforming rate slowed down as both the
consumption rate of residual solid and the increase rate of syngas yield
declined, which mainly involves the wet reforming process. The C2+

products can be detected at the reaction time of 1min, mainly com-
posed of fused-ring compounds and terephthalic acid derivatives
according to GC-MS analysis (Supplementary Fig. 13). The residual
coke cannot be reformed completely even the reaction time was
18min (Supplementary Fig. 14). If therewas nowater in the system, the
reaction shouldbePETdecomposition (Fig. 4d). At the reaction timeof
1min, the CO yield has reached to 13% and H2 yield was 48%, demon-
strating the CO was generated from PET decomposition directly. At
3min, the H2 and CO yields increased to 62% and 25%, respectively.
After that, the mass of residual solid decreased slowly, and the syngas
yield increased gradually. Finally, about 48% solid was left, which has
similar morphology to that obtained from the wet reforming of PET
(Supplementary Fig. 15). The first-order kinetic plots derived from PS
and PET wet reforming and dehydrogenation processes (Fig. 4e, f)
consistently demonstrate higher rate constants for wet reforming
compared to dehydrogenation or decomposition pathways.

To further clarify the wet reforming mechanism, isotope-labeling
experiments were carried out using deuterium water (D2O) and PE as
reactants. The hydrogen in the gas products at different electrification
times was sampled and analyzed using a mass spectrometer (MS,
Supplementary Fig. 16). The signals m/z = 2, 3, and 4 corresponded to
H2, HD, andD2, respectively, demonstrating the involvement of PE and
D2O in the hydrogen production process. As shown in Fig. 5a, after
1min of electrification, only them/z = 4 signal was detected, indicating
that water decomposition occurred first and PE has no contribution to
hydrogen production in the initial stage of wet reforming of PE. As the
electrification time increased, for example, 3min after electrification,
the signals m/z = 2 and m/z = 3 appeared and were stronger than
m/z = 4, indicating that PE dehydrogenation occurred and mainly
contributed to hydrogen production. The presence of a strong signal
m/z = 3 indicated an effective combination of H atom from PE and D
from D2O during the reforming process, which may be due to the
proton hopping mechanism on the surface of the electrified heating
wire. That is, some hydroxyls (-OD) and protons (D) generate on the
electrified heating wire during water decomposition in the initial stage
collide with gaseous hydrocarbons derived from PE decomposition
and capture H from these hydrocarbons to generate HD. In contrast,
whenH2Owas used insteadof D2O, the signalm/z = 2was detected at a
reaction time of 1min and signals for m/z = 3 and 4 were absent
throughout the entire process (Supplementary Fig. 16). To prove the
generation of hydroxyls or protons on the surface of heating wire, a
temperature-programmeddesorption (TPD) experimentwasdesigned
and the desorbed hydrogen can be detected by an on-line MS (Fig. 5b
and Supplementary Fig. 17). Before TPD analysis, the heating wire was
first electrified in the presence of 30 µL H2O or D2O. The signal
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form/z = 2wasdetectedwhen theH2O-treatedheatingwirewas loaded
into the TPD furnace at T = 337 °C, and no signals for m/z = 3 and
m/z = 4 were observed during the whole process (Supplementary
Fig. 18). For the D2O-treated heating wire, the signal for m/z = 4 was
observed at T = 247 °C except for the weak signals for m/z = 2 and
m/z = 3, which may result from the trace of H2O in D2O (Fig. 5b). The
TPD-MS experiments suggest the generation of hydrogen-containing
species such as hydroxyls or protons on the surface of heating wire

during the experiments, further demonstrating the rationality of the
proton hopping mechanism of the reforming process. Scanning elec-
tron microscopy-energy dispersive X-Ray spectroscopy (SEM-EDS)
analyses further demonstrated that the oxygen content on the surface
of the heating wire increased obviously after reaction (Supplementary
Figs. 19 and 20). Based on the isotope-labeling experiments, a rea-
sonable reactionmechanismcan beproposed36. In the initial stage, the
high temperature caused by the heating wire promoted the pyrolysis
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Fig. 4 | Kinetic studies of PS and PET wet reforming and dehydrogenation
processes. aKinetic analysis of wet reforming of PS, Reaction conditions: PS 13mg,
H2O 40 µL, FeCrAl heatingwire 2Ω, current 7 A;b kinetic analysis of decomposition
of PS Reaction conditions: PS 13mg, FeCrAl heating wire 2 Ω, current 7 A; c kinetic
analysis of wet reforming of PET, Reaction conditions: PET 19.2mg, H2O 50 µL,

FeCrAl heating wire 2 Ω, current 7 A; d kinetic analysis of PET decomposition,
reaction conditions: PET 19.2mg, FeCrAl heating wire 2Ω, current 7 A; e first-order
reaction plots for PS degradation in wet reforming process and decomposition
process; and f first-order reaction plots for PET degradation in wet reforming
process and decomposition process.
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of PE into low molecular weight hydrocarbons (Eqs. 2 and 3), such as
methane, ethane, propane, and even hexane. These hydrocarbons
have been detected by GC. At the same time, water was gasified into
steamanddecomposed into active hydrogen radicals, oxygen radicals,

hydroxyls, or hydrogenon the electrifiedheatingwire (Eqs. 6–9). Then,
the gaseous hydrocarbons can be reformed into H2 and CO via the
proton hopping mechanism on the electrified heating wire
(Eqs. 10–15).

Fig. 5 | Mechanistic studies of wet reforming of plastics. a MS signals of wet
reforming PE with 30 µL D2O at different reaction times; b MS signals of TPD
research for FeCrAl heating wire pre-treated by 30 µL D2O; c MS signals of pulsed
wet reforming of methane over electrified heating wire and non-electrified heating
wire. Reaction conditions: carrier gas (Ar) 20mL/min, pulsed gas: methane 10mL/

min and argon gas flow through H2O 10mL/min, FeCrAl heating wire 2 Ω, current
7 A; d MS signals of wet reforming of PS with 40 µL of D2O at different reaction
times; and e MS signals of wet reforming PET with 50 µL D2O at different
reaction times.
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a Decomposition steps

PE!800 �CCnHmðn> 10Þ+C3H8 +CH4 + � � � ð2Þ

CnHmðn> 10Þ!800 �CC4H10 +C3H6 +C2H6 +CH4 + � � � ð3Þ

PS!800 �CH2 +C+ fused ring +CH4 + � � � ð4Þ

PET!800 �CH2 +C+CO+ fused ring +CH4 + � � � ð5Þ

b Hopping steps

D2O+ * $ D2O* ð6Þ

D2O* + * ! OD*+D* ð7Þ

OD*+ * ! O*+D* ð8Þ

D* +D* ! D2 + 2* ð9Þ

c Reforming steps

CH4 +D* ! CH3* +HD ð10Þ

CH3* + * $ CH2* +H* ð11Þ

CH* ! C+H* ð12Þ

H*+H* ! H2 + 2* ð13Þ

H* +D* ! HD+2* ð14Þ

C+O* ! CO+ * ð15Þ

To further prove the importance of the proton hopping
mechanism in the electrical field, a pulse experiment of wet
reforming of methane monitored by in-situ MS was carried out
(Fig. 5c and Supplementary Fig. 21). On the electrified heating wire,
methane can be reformed with H2O to H2 (m/z = 2) and CO
(m/z = 28). However, over the unelectrified heating wire heated by a
furnace, the signal m/z = 2 representing hydrogen can only be
detected obviously after the first pulse, and the signal of CO
(m/z = 28) did not appear. Thereafter, the hydrogen signals from the
non-electrified heating wire diminished significantly, and no CO was
detected. These results show that the hydrogen was produced by
water decomposition on the non-electrified heating wire at high
temperature. However, the oxygen-containing groups on the non-
electrified heating wire cannot react with methane and produce
syngas even at high temperatures. The pulsemethane wet reforming
experiment demonstrate the importance of electrification, which
maintains the high catalytic activity of the heating wire and pro-
motes catalytic recycling.

The isotope-labeling experiments were also conducted to inves-
tigate the wet reforming of PS and PET in the presence of D2O (Fig. 5d,
e). At the initial stage of electrification, the mass signals form/z = 2, 3,
and 4 were all detected, and the intensity of m/z = 2 was strong, indi-
cating that the PS dehydrogenation, PET dehydrogenation, and water
decomposition occurred. The hydrogen radicals from PS or PET

combinedwith deuterium radicals to generate HD instantly. After that,
the intensity of m/z = 2 decreased while the intensity of m/z = 3 and 4
increased. It demonstrates that the dehydrogenation occurred firstly
due to the presence of phenyl groups in PS and PET, and the generated
coke and fused-ring compounds reformed with D2O subsequently to
produce H2, HD, D2, and CO. These results are consistent with the
kinetic studies.

Energy recovery efficiency and life cycle assessment
This Joule heating-promoted wet reforming system utilizes waste
plastic andwater as reactants to produce syngas,with electrical energy
as theprimary energy input. To evaluate the energy recovery efficiency
(ERE) of the system, an electric meter was used to measure the elec-
tricity consumption during the reaction, and the energy embodied in
the products can also be calculated (Supplementary Tables 9 and 10).
The ERE of the reforming system using the scaled-up stainless-steel
reactor was determined to be 4.11% (Fig. 6a), which is notably higher
than that of other reported systems, such as the conventional wet
reforming system (1.91%) and Joule heating-promoteddry reformingof
PE (0.6%)26. In addition, the GHG emission and primary fossil energy
(PFE) depletion are primarily attributed to the power generation pro-
cess. According to the life cycle assessment (LCA) performed using
GREET 2024 (Supplementary Tables 11 and 12), when powered by the
current world average electricity mix, the reforming system generates
349.36 kg CO2 eq of GHG emissions and consumes 7368 MJ of PFE per
1 kg of syngas produced under optimal conditions (Fig. 6a). To
improve the sustainability of system, a demonstration reforming setup
powered by photovoltaic (PV) electricity under natural sunlight was
established (Fig. 6b, Supplementary Figs. 22 and 23). With this
renewable energy source, GHG emissions and PFE depletion were
reduced by 94.48% and 93.66%, respectively, while the ERE increased
dramatically to 125.1%. Consequently, the PV-powered Joule heating-
promoted wet reforming system exhibits significantly lower GHG
emission and PFE depletion, along with higher energy recovery effi-
ciency, compared to both the conventional wet reforming system and
the Joule heating-promoted dry reforming system (Supplementary
Tables 13 and 14). Therefore, this solar-energy-driven wet reforming
system for plastics can be considered a green and efficient strategy to
solve the environmental problem and store solar energy in the formof
chemical energy in syngas.

Discussion
Wet reforming of plastics was achieved over an electrified commercial
heating wire through Joule heating. Real waste plastic containing
residual water was directly converted into H2 and CO. A stainless-steel
T-type reactor can tolerate high pressure and has a feed inlet, allowing
the batch reaction to be continuous, and converting 2.5 g PE plastic
and 5.5 g water to 3.1 g syngas. Compared to conventional thermal
catalysis and plasma catalysis, the proposed Joule heating strategy
exhibits three fundamental advantages:
1) Enhanced energy utilization efficiency. The Joule heating

mechanism directly converts electrical energy into thermal
energy through resistive heating, enabling efficient heat transfer
to the reactants via conduction and convection within the reactor
chamber. In contrast, conventional heating methods inevitably
involve heat transfer from external sources through the reactor
walls, resulting in significant thermal losses. Plasma systems
require energy-intensive voltage conversion (1 V→ 10 kV) and
specialized discharge circuits, with significant energy consump-
tion in the conversion and discharge processes.

2) Faster heating rate. The Joule heating process can rapidly heat the
reactants to 800 °C within just 30 s, whereas conventional fur-
naces typically require at least 30min to reach the same tem-
perature. This rapid heating promotes efficient cracking of C–C
and C–H bonds in plastics while minimizing undesirable side
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reactions. Therefore, the CO yield in the Joule heating-promoted
wet reforming of plastics is higher than 95%, and the H2 yield is
almost twice that of CO, which is higher than the conventional
reforming processes.

3) Lower production cost. The Joule heating system utilizes a simple
FeCrAl heating wire as both heating element and catalytic com-
ponent, which is commercially available at low cost. The system
requires only a standarddirect current (DC) power supplywithout
any specialized equipment. In comparison, conventional two-
stage pyrolysis-reforming processes necessitate expensive
reforming catalysts and multiple heating furnaces, while plasma
catalysis systems require costly high-voltage generators and
specialized electrodes capable of withstanding plasma
conditions.

Kinetic studies and isotope-labelingMSexperiments revealed that
hydrogen production in the initial stage of the wet reforming of PE
primarily resulted from the water decomposition, rather than from
plastic dehydrogenation. The active oxygen or hydroxyl species pre-
sent on the surface of the heating wire reacted with gaseous hydro-
carbons derived from the PE decomposition to generate hydrogen and
CO. However, for plastics containing phenyl groups, such as PS and
PET, dehydrogenation occurred preferentially, leading to the forma-
tion of fused-ring compounds or coke. Subsequently, the coke or
fused-ring species reactedwithwater to produce syngas. Furthermore,
the wet reforming of plastics can be achieved under solar irradiation
with a photovoltaic power system. Therefore, the Joule heating-
promoted wet reforming system for converting plastic and water to
syngas can be seen as an efficient measure to store solar energy and
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develop the carbon/hydrogen resources contained inwaste plastic and
water with high energy recovery efficiency.

Compared to the Joule heating-promoted dry reforming of
plastics26, this work makes great advances and innovations as follows
(Supplementary Table 15):
1) The T-type reactor in this work features a dedicated feeding inlet,

whichmakes itmucheasier to introduce reactants into the reactor
and to run a batch reaction continuously. The large-scale
stainless-steel T-type reactor, equipped with a pressure gauge
and relief valve, can withstand elevated pressure levels and
ensures operational safety.

2) The isotope-labeling MS experiments in this research provide
valuable mechanistic insight. A similar experiment should be
designed to investigate the Joule heating-promoteddry reforming
of plastics.

3) Thewet reforming of plastic is different from the dry reforming of
plastic, possessing higher atom utilization efficiency and produ-
cing hydrogen-rich syngas. The presence of steam in the Joule
heating system can produce more hydroxyls on the surface of
electrified heating wire, making the proton-hopping mechanism
easier than in the dry reforming process. Consequently, the wet
reforming of plastics demonstrates significantly higher energy
recovery efficiency compared to the dry reforming process.
Notably, real-world plastic waste, even when contaminated with
food residues, paints, oils, and greases, can be effectively
reformed into syngas in thewet reforming system, demonstrating
significant potential for practical applications in plastic waste
upcycling.

Inspired by the remarkable performance of Joule heating-
promoted wet and dry reforming of plastics, a combined reforming
process utilizing plastic waste, carbon dioxide, and water as reactants
emerges as a highly promising approach. Notably, the H2/CO ratio in
the produced syngas can be precisely tuned tomeet specific industrial
requirements by simply adjusting the water content in the feedstock.

Methods
Materials
PE (powder with size 1000 mesh) and PP (MW=42.08) were obtained
from Shanghai Macklin Biochemical Technology Co., Ltd. PET (300
mesh) was obtained from Shanghai Branch, Du Pont China Holding
Co., Ltd. Isotopic D2O was supplied by chemical supplier (Shanghai
Titan Scientific Co.,Ltd). All chemicals were used without any further
purification and dry.

Wet reforming of PE
The wet reforming of plastic was carried out in a custom-made T-type
quartz tube reactor, which has an inner diameter of 19mm, an outer
diameter of 25mm, a main pipe length of 100mm, and a side pipe
length of 60mm. The three ends of the T-type quartz tube were fitted
with three sets of stainless-steel flanges. Two of these flanges, located
on the main pipe, were equipped with ball valves, while the third was
sealed with a blind plate. Plastic could be directly introduced into the
reactor through this inlet. A porcelain boat with dimensions
(44mm× 11mm×7mm) was utilized to both load the plastic and to
support the heating wire. Prior to the reaction, 14mg of polyethylene
(PE) and 30 µL of water (H2O) were placed into the boat, and a spring-
like heating wire with a resistance value of 2 Ω was installed above it.
Subsequently, two copper wires, which passed through the flanges,
were connected to the ends of the heating wire. The porcelain boat,
equipped with the heating wire, was positioned at the midpoint of the
quartz tube andwas sealed into the tube using flanges. The reactorwas
connected to anargon gas pipeline andpurgedwith argongas at aflow
rate of 20mL/min for 20min. Once the two valves were closed, the
argon gas remaining within the reactor at atmospheric pressure was

used as an internal standard to quantify the other gaseous products
formed after the reaction. The terminals of a direct-current power
supply (MAISHENG, MP3030D) were connected to the two copper
wires, and the heating wire was energized by adjusting current or
voltage to reach a red-hot state, providing the thermal energy required
for the wet reforming reaction. After reaction, the gas products were
sampled by a syringe through a valve and analyzed with a gas chro-
matography (Agilent 7820A) equipped with a thermal conductivity
detector (TCD) and flame ionization detector (FID). At the initial stage
of reforming reaction, the structure of compounds generated from
plastics (PE, PS, and PET) was determined by gas chromatography
mass spectrometry (GC-MS, Agilent 8860-5977B).

The large-scale experiments were conducted in a T-type stainless-
steel reactor, which was equipped with two ball valves and electrodes.
A side tube inlet was strategically designed to introduce reactants after
the completion of eachbatch of reactions. The reactorwas coatedwith
thick thermal insulation to minimize energy loss during the reaction.
To prevent an electrical short circuit, a quartz boat was specifically
designed to support the heating wire and to hold the waste plastics
during the reaction. Argon gas was introduced into the reactor and
served as an internal standard for quantifying the gaseous products.

Fourier transform infrared spectroscopy (FTIR) analysis
The FTIR analysis of gas products was performed in a gas chamber that
featured two side windows made of zinc selenide and a top window
fabricated from quartz. The zinc selenide windows facilitate the
transmission of the laser through the chamber, enabling the gas to be
analyzed using FTIR spectroscopy. The chamber was purged with
argon gas to remove air, and a background spectrum was recorded
prior to analysis. The gas product at different reaction times was
sampled reactor and injected into the gas chamber for analysis.

In-situ mass spectrography (MS) analysis
The in-situ MS experiments were carried out with methane as a model
hydrocarbon and argon as a carrier gas on a mass spectrometer
(Hiden, HPR-40). A length of heating wire connected with a wire was
fixed in a quartz tube (inner diameter: 6mm) and can be powered by a
direct-current power (MAISHENG,MP3030D). At the end of the quartz
tube, there was a triple bypass connected to the MS and tailpipe. The
products can then be monitored by the online MS. A six-way valve
having a quantitative ring was used to pulse methane and/or wet into
the quartz tube. In the in-situ experiments, the signals of argon
(m/z = 40), H2 (m/z = 2), H2O (m/z = 18), CO (m/z = 28), and CH4

(m/z = 15) were set to be monitored by MS.

Isotope-labeling experiments
The PE/PS/PET reforming experiments with D2O or themixture of H2O
and D2O were carried out in a quartz reactor. The gas products at
different reaction intervals were sampled and analyzed by MS. After
the baselines of MS signals H2 (m/z = 2), HD (m/z = 3), and D2 (m/z = 4)
were stable, the gas product at different reaction intervalswas injected
in to MS through a six-way valve having a quantitative ring.

Carbon balance and mass balance calculations
With argon gas as an internal standard, the yield of gas products (such
as H2, CO, CO2, CH4 and C2+) can be quantified by gas chromatography
(Agilent 7820A) equipped with a FID and a thermal conductivity
detector (TCD). Then the residual solid (msolid) can be quantified by
weighing the reactor before and after reaction. Therefore, the carbon
balance can be calculated.

Carbonbalance =
nCO +nCO2

+ 2nC2Hx +
3nC3Hx

+ msolid
12

mPE
14

× 100% ð16Þ
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Here, ni represent themolar number of gas products. The residual
solid in reactor after reaction was seen as carbon. Thus, the molar
number of carbon in residual solid was calculated bymsolid/12.

The mass balance calculation was based on the observable pro-
ducts (H2, CO, CO2, CH4, C2+ and solid), and the formula is shown
below:

Massbalance=
2nH2

+ 28nCO + 44nCO2
+ 16nCH4

+MnC2+
+msolid

mPE +mH2O
ðactualÞ × 100%

ð17Þ

where M is the relative molecular mass of different products. More-
over, the value of mH2O

(actual) is determined by the mass of CO2 and
CO, since H2O is the only oxygen source in the reforming system. At
the same time, the H2 of syngas came from PE dehydrogenation and
H2O decomposition. Besides, the yields of H2 and X (CO, CO2, CH4, C2+

and solid) were calculated from:

YieldH2
=
nH2

ðquantifiedonGCÞ
nH2

ðin plasticÞ × 100% ð18Þ

YieldX =
nX ðquantifiedonGCorbalanceÞ

nX ðinplasticÞ
× 100% ð19Þ

Life cycle assessment
The analysis was performed in GREET 2024 software. The life cycle
inventory (LCI) for the reforming system is shown in Supplementary
Table 11, which involves the product item, category, and quantity. We
assume a certain mass for the plastic waste, adapt to a certain amount
ofH2O and electricity, and run the LCA calculation. The study applied a
functional unit of 1 kg of syngas. This process is equipped with various
chemicals (H2O), aswell as electricity. The life cycle inventory list of the
inputs and outputs achieved from GREET 2024 is presented in Sup-
plementary Table 12.

Data availability
The data that support the Figures within this paper and other findings
of this study are available from the corresponding author upon
request. Sourcedata are provided as a SourceDatafile. Source data are
provided with this paper.
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