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Both plastics and CO, are waste carbon resources, and their accumulation in
nature has led to severe environmental pollution. However, simultaneously
converting plastic waste and CO, into value-added chemicals remains a chal-

lenge. Here we demonstrate a catalytic reforming process that converts plas-
tics and CO, into syngas over an electrified FeCrAl heating wire. The
temperature of the electrified heating wire can quickly exceed 800 °C, facil-
itating the decomposition of polyethylene into gaseous hydrocarbons. The
high-temperature heating wire promote the CO, deoxygenation, resulting in
the generation of CO, as well as the dehydrogenation of gaseous hydro-
carbons. Significantly, the additional O species from CO, and the carbon
species from hydrocarbons can react to form CO, maintaining the high cata-
lytic activity of the electrified heating wire. This novel approach is of para-
mount to achieving a circular economy in addressing the ongoing
environmental crisis caused by the accumulation of plastic waste and exces-

sive CO, emissions.

Statistically, over 380 million tons of plastics are produced annually
worldwide'™*. However, the majority of these plastics enter the envir-
onment after a short service life and cannot naturally degrade, leading
to critical environmental pollution and ecological crises. Only a small
proportion of plastic waste was recycled to produce low-quality plastic
products or burned to recover chemical energy. Although incineration
is an efficient strategy to dispose of solid plastic waste and generate
heat for power generation, huge CO, emissions are unavoidable. In
addition, due to the incomplete combustion or presence of the
nitrogen or sulfur-containing additives in plastics, some gaseous pol-
lutants such as polycyclic aromatic hydrocarbons, NO, and SOy are
generated’. From an environmental protection perspective, there is an
urgent need to develop a green and sustainable strategy to dispose of
plastic waste accumulated in the environment. Moreover, with the
rapid development of the society and the rapid improvement of the
level of industrialization, approximately 36.5 Gigatons of CO, are
generated each year®. The increasing concentration of CO, in the
atmosphere contributes to the greenhouse effect, resulting in severe
global warming and posing a threat to the survival of all living

organisms. Therefore, it is crucial to develop technologies or strategies
to address these environmental challenges.

Plastic waste and CO, can be considered valuable carbon
resources because they can potentially be converted into fuels and
valuable chemicals. Through various catalytic processes such as high-
temperature pyrolysis, catalytic pyrolysis, or catalytic hydrogenolysis,
waste plastics can be depolymerized and transformed into fuels or
other valuable chemicals’™. CO, can also be hydrogenated to carbon
monoxide, methane, methanol or other hydrocarbon over transition
metal catalysts'> ™. In addition, the reaction between CO, and methane
at high temperatures over reforming catalysts can produce syngas™ %,
Building on this reaction, it is possible to explore the idea of using
waste plastics such as polyethylene and polypropylene as a replace-
ment for methane in the reforming process with CO, to produce
syngas"?. However, the unique structure of polyolefins, which con-
sists of inert C-C bonds in the backbone??*, poses a challenge in effi-
cient CO, reforming of plastics compared to traditional methane
reforming. Furthermore, the selectivity towards syngas is often com-
promised due to the presence of methane, hydrocarbons, and coke?*%.
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Therefore, it becomes crucial to employ higher reaction temperatures
and excellent catalysts to improve conversion efficiency™".

The traditional approach of burning fuel to provide heat at higher
temperatures leads to undesirable CO, emissions. Along with the
increase of availability and accessibility of green and sustainable
electricity from sun and wind, using electricity energy to heat chemical
reactor is a promising way to achieve the decarbonization of chemical
process. The microwave heating, induction heating and Joule heating
are the three ways to achieve the electricity-to-heat process, which
have their special advantages and limitation due to the different
power-to-heat principles?. Among the three electricity-to-heat ways,
the Joule heating has a theoretical energy efficiency of 100% because it
directly transforms electricity to heat by driving charge carriers to flow
though conductor to generate high temperature”. By electrifying the
catalyst, or support for active phase, or reactor wall, the higher reac-
tion temperature required for reactions can be achieved instantly,
avoiding heat transfer as in the conventional heating process and the
transformation of electrical energy into electromagnetic energy as in
microwave heating and induction heating. The fast heating rate and
uniform heat distribution contribute to higher reaction efficiency,
which translates into lower CO, emission. Recently, the application of
electrified spatiotemporal heating techniques has shown the potential
to depolymerize polyolefins into their respective monomers with
relatively high yields®®. Additionally, the flash Joule heating process has
been successful in converting waste plastics into flash graphene along
with byproducts such as hydrogen and light hydrocarbons®~°. It is
evident that the degradation or transformation of plastics through
rapid electric heating technology follows a distinct mechanism.
Therefore, developing a new catalytic approach for CO, reforming of
waste plastics with high efficiency, low energy consumption, zero
carbon emissions, or even sustainable properties is of great impor-
tance. In this report, we develop a novel and sustainable catalytic
system for the efficient and selective conversion of waste plastic and
CO, into syngas. In order to ensure an environmentally friendly and
sustainable process, a photovoltaic power system was used to supply
energy. Consequently, the reforming of plastics with CO, to syngas can
be carried out under sunlight irradiation.

The green and sustainable electricity generated is passed
through an iron-chromium-aluminum (FeCrAl) heating wire, gen-
erating high temperature via Joule heating, which promotes the
decomposition of polyolefins into gaseous hydrocarbons through
melting, gasification and fission. Subsequently, the small-molecule
hydrocarbons and CO, undergo reforming, resulting in the forma-
tion of CO and H, on the surface of the electrified FeCrAl heating
wire. In laboratory tests, we successfully reformed 14 mg of poly-
ethylene (approximately 1 mmol of carbon) and 1 mmol of CO, into
CO and H, in just 15min, which can be scaled up to large scale
reforming of 1g of PE and 3.3 g of CO,. Combined with the mature
post-combustion CO, capture technology, such as cyclic adsorp-
tion/desorption by using amine-based solvents, up to 90% of CO,
emission from industrial processes and power generation will be
captured and used for reforming with plastic to produce syngas®.
Moreover, the FeCrAl heating wire used in this system possesses
excellent coke resistance property, and the electrons flowing
through the heating wire promote the reforming reactions. This
innovative catalytic system presents an efficient approach to
transform two wastes, plastics and CO,, into value-added chemicals
simultaneously.

Results

Plastics reforming with CO,

FeCrAl alloy is a resistance heating material that exhibits exceptional
oxidation resistance at high temperatures®. This outstanding property
has led to its widespread use in various heating devices. In addition,
FeCrAl alloy exhibits high resistance to coke formation, making it a

suitable catalyst support for numerous industrial applications®>*,

including automotive exhaust treatment****, CH, oxidation***, and
Fischer-Tropsch synthesis*****’. In our study, a reactor being com-
posed of one quartz tube (outer diameter: 25 mm, inner diameter:
19 mm, length 100 mm), a length of spring-like FeCrAl heating wire
(diameter: 0.3 mm), a porcelain boat as sample holder, a pair of metal
flange seals equipped with two ball valves and two copper wires was
designed so that the heating wire can be electrified and used as key
component to promote the reaction involving plastics and CO, in a
sealed environment. The actual temperature around the heating wire
in the reactor can be measured by a thermocouple installed in the
reactor (Fig. 1a and Supplementary Fig. 1). During our research, a piece
of heating wire with a resistance value of 6 ohms was electrified by a
direct current (DC) power generator (MAISHENG, MP3030D) in the
reactor containing 14 mg of polyethylene (PE) powder and being full of
argon gas. The gas products can be quantified by a gas chromatograph
and the residual carbon can be determined by weighing the total mass
of main parts of the reactor before and after reaction, including the
quartz tube, porcelain boat and resistance wire (Supplementary
Table 1). Under the conditions of 4 amperes current for 15 minutes,
0.998 mmol H, was achieved according to the quantify result of gas
chromatograph except of the negligible hydrocarbons, CO and CO,
(Supplementary Table 2). The trace amount of oxygen and positive
deviation of mass or carbon balance may come from the FeCrAl
heating wire because there are 2.06 wt% oxygen and 6.57 wt% carbon
according to energy dispersive X-ray microanalysis of scanning elec-
tron microscope (SEM-EDS, Supplementary Fig. 2). The mass of the
residual carbon was about 12mg, indicating the successful dehy-
drogenation of PE (Fig. 1b). To maximize the utilization of the carbon
deposition derived from PE, CO, was introduced into the system, with
the expectation that it would react with PE to produce syngas and with
coke to produce CO. As depicted in Fig. 1b, with the increase in the
initial concentration of CO,, the amount of CO produced increased,
while the mass of carbon deposition decreased. When 1 mmol of CO,
was introduced into the system, approximately 0.71mmol of H,,
1.70 mmol of CO, and trace amounts of light hydrocarbons (CH,, C;H,4,
etc.) were produced. The conversion of CO, reached 88% with com-
plete conversion of PE. The decrease in the amount of H, compared to
the dehydrogenation of pure PE can be attributed to the hydrogena-
tion of a small amount of CO,. To eliminate carbon deposition entirely,
the amount of CO, in the reactor was increased to 1.25 equivalents of
carbon in PE, resulting in a slight decrease in the amount of H,, no
significant change in the amount of CO, and a slight increase in the
amount of remaining CO, in the system. Thus, conditions involving
1 mmol of PE and 1 mmol of CO, as starting reactants were selected for
subsequent research.

As shown in Fig. Ic, the resistance and current of FeCrAl heating
wire were further screened based on the optimized conditions. At
current value of 4 amperes, the 4 ohms heating wire provided lower
amounts of H, and CO, while the yields of solid carbon and methane
increased. Decreasing the resistance value to 2 ohms, the negligible H,
and a tiny amount of CO can be detected, with a large proportion of
CO, and PE remaining. If the resistance value was 1 ohm, the CO,
reforming of PE cannot occur. Moreover, it was observed that the
temperature in the reaction system decreased along with the decrease
in the resistance value of the heating wire. This decrease in tempera-
ture can be explained by Joule’s heating law Q = PRt. On the other hand,
when keeping the resistance value constant at 6 ohms and decreasing
the current value during the reaction, the yield of H, and CO decreased
obviously. Furthermore, the reforming reaction did not occur at 2 or 1
ampere, although the reaction temperature reached 150-350 °C. It is
important to note that other resistance and current values were also
tested and the results were not ideal. These results highlight the
importance of reaction temperature in promoting CO, reform-
ing of PE.
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Fig. 1| Reactor configuration and reaction conditions screening. a Schematic of
an electrified reactor for CO, reforming of plastics; b products distribution with
different mole ratio of CO, to CH, in PE (n(CO,)/n(CH,)), Reaction conditions:

PE =14 mg, FeCrAl heating wire 6 Q, current 4 A, T=3800 °C, 15 min; ¢ the product
distribution over temperature profile under different current and resistance values;
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Reaction conditions: PE = 14 mg, n(CO,)/n(CH,) =1, FeCrAl heating wire, 15 min. the
temperatures were measured by a thermocouple; d the heating rates of electrified
FeCrAl heating wire (power = 96 W) and traditional tube furnace (power =1000 W),
the temperatures for the profiles were measured by a thermocouple, the inserted
thermal image was recorded by a thermal camera (UTi-260B).

One of the advantages of using FeCrAl heating wire (power is
96 W) as a heating element and catalyst in the catalytic system is the
fast heating speed. In contrast to the traditional heating strategy with a
tube furnace over 30 minutes, by using FeCrAl heating wire, the
radiation temperature near PE in the reactor can reach up to 800 °C
within 30 s (Fig. 1d), melting solid PE into liquid, which indicates an
energy-saving catalytic system. The commercially available FeCrAl
heating wire consists of approximately 70 wt% Fe, 25 wt% Cr, and 5 wt%
A%, We assume that the heating wire itself acts as a catalyst, promoting
the reactions. To test this hypothesis, various heating units were
evaluated as substitutes for the FeCrAl heating wire to promote CO,
reforming of PE (Fig. 2a). All experiments in Fig. 2a were performed at
the same temperature of 650 °C. First, the NiCr heating wire, which can
provide reaction temperature of 650 °C, was evaluated under identical
conditions. While the amount of H, produced in the system was
slightly lower than that of the FeCrAl heating wire, with a decreased
yield of CO and an increased generation of carbon deposition. The
coke can be clearly observed on the surface of the NiCr heating wire
after the reaction because the nickel element has the property of
carbon permeation. Using a carbon fiber as a heating element, CO,
reforming of PE was also observed, with a slightly higher H, yield of
57.3% and a lower CO yield of 59.1%, but more residual solid of 14.5%.
(the detailed products distribution of carbon fiber and SEM images are
showed in Supplementary Table 3 and Supplementary Fig. 3). How-
ever, only 0.6% of solid was left with FeCrAl heat wire as heating
component at 650 °C, demonstrating that the FeCrAl heating wire is an
efficient catalyst for promoting the reforming reaction, but not the key
factor. To further confirm this point, a long length of FeCrAl heating

wire was wrapped around the quartz tube to allow rapid heating from
the outside. The reaction temperature was monitored using an
instrument connected to a thermocouple positioned in the quartz
tube. Although the temperature in the quartz tube quickly reached
about 650 °C and remained constant for 15 min, the reforming reaction
did not occur, and PE only decomposed into light hydrocarbons
(outside). Similarly, when a length of FeCrAl heating wire was placed in
the system but not powered, and the temperature was provided by a
wrapped heating wire outside the quartz tube (out-inside), only a
negligible amount of CO and H, could be detected. Furthermore, the
CO, reforming of PE was inhibited when the FeCrAl heating wire was
embedded in AlL,O; porcelain, even though the porcelain was elec-
trified and reached a temperature of 650 °C in the quartz tube. These
results collectively suggest that only the electrified FeCrAl heating
wire, capable of reaching high temperatures, can effectively promote
the CO, reforming of PE. In other words, it is an electro-assisted cat-
alytic process. The hot electrons flowing through the heating wire
likely play an essential role in activating PE and CO,, as previously
mentioned in studies highlighting the catalytic properties of
electrons®*°,

Under the optimized conditions, this electrified catalytic system
can also catalyze the reforming of various plastics, such as poly-
propylene (PP), polystyrene (PS), and polyethylene terephthalate
(PET), with CO, to produce CO and H, (Fig. 2b). With PP as reactant, the
CO yield was slightly lower than with PE as reactant and more residual
solid was left, which maybe resulted from the recombination of radi-
cals generated during the reaction at high temperature*. Furthermore,
the residual solids amounts were higher for PS or PET than for PE or PP,
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demonstrating the difficulty of destroying the benzene ring in PS or
PET. As a result, the components that are difficult to be destroyed
tends to be transformed into coke. Consequently, PE was selected as a
candidate to carried out the exhaustive study. Furthermore, the FeCrAl
heating wire can be reused at least five times without noticeably
decreasing in the catalytic activity during CO, reforming of PE (Fig. 2c),
showing excellent stability of the catalytic system. The slight decline in
catalytic performance can be attributed to the carbon deposition and
surface oxidation on the FeCrAl heating wire. Notably, compared to
other reported systems requiring transition metal catalysts, the cata-
Iytic system based on the electrified heating wire exhibited competi-
tive results (Fig. 2d)****"*¢, Inspired by these results, various categories
of real plastic product were selected as feedstocks, including pipette
(PE), washing bottle (HDPE), mask (PE+PP), lunch box (PP), food
container (PS), and bottle (PET) (Fig. 3a). The objective was to explore
the potential of transforming these real plastic waste materials into CO
and H, through the reforming process utilizing CO,. Experimental
results exhibited promising outcomes through the utilization of elec-
trified FeCrAl heating wire, indicating the feasibility of converting
mixed waste plastics (Fig. 3b). Furthermore, the scalability of the
experiments was demonstrated by increasing the scale to 1g of PE and
the corresponding amount of CO,. The large-scale reforming process
(1g PE and 3.3 g CO,) was carried out in a large quartz tube (Fig. 3b;
outer diameter = 60 mm, inner diameter = 50 mm, length =1000 mm),
resulting in a production of 2.84 g CO and 0.091g H, within 30 min.
This shows the potential for practical application in the field of het-
erogeneous catalysis. Actually, some carbon deposit (480 mg) on inner
wall of the quartz tube can be observed. In addition, the productions of
methane and other hydrocarbons were not negligible and small
amount of CO, (110 mg) was also left (Supplementary Table 4). We
conclude that the fast heat loss through the large-size quartz tube

results to the condensation of hydrocarbons. These condensed
hydrocarbons cannot reform with CO, on the surface of heating wire
and subsequently be converted into carbon deposit on the reactor
wall. Therefore, in the practical large-scale experiment, some impor-
tant factors, such as the pressure in the reactor, the distribution of the
heating zone and the insulation technology for minimizing the heat
loss, should all be considered.

The mechanism investigation

To understand the reaction mechanism, the kinetics of PE dehy-
drogenation, CO, reduction and CO, reforming of PE over electrified
FeCrAl heating wire were investigated (Fig. 4). PE dehydrogenation can
be easily carried out in argon atmosphere without CO,. The yield of H,
reached 28% within just 1 min of reaction time, while the yield of CH,
was only 5%. As the electrification time progressed, the H, yield gra-
dually increased, eventually achieving stoichiometric hydrogen pro-
duction along with the formation of solid carbon. Notably, the
methane yield showed a maximum throughout the reaction, suggest-
ing that methane only served as an intermediate species during the PE
dehydrogenation process. Additionally, the amount of residual solid
initially decreased and then increased in the latter half of the reaction,
further supporting the notion that PE was first cracked into gaseous
products, and subsequently these gaseous hydrocarbons were dehy-
drogenated into hydrogen and solid carbon (Fig. 4a). The Fourier
Transform infrared spectrometer (FTIR) spectra of solid at different
reaction stage also indicate the destruction of the hydrocarbon
structure in PE (Supplementary Fig. 4).

As a control experiment, we also investigated the reaction with
CO; as the sole reactant over an electrified FeCrAl heating wire in the
absence of PE. Surprisingly, a 66% yield of CO was detected and the
conversion of CO, reached about 73% (Fig. 4b). Due to the lack of a
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reducing agent in the system, we concluded that the metals present in
the heating wire must be involved in the reaction and oxidized by CO,.
The weight of the heating wire did increase as the reaction
progressed, which was consistent with the loss of oxygen in CO, during
the reaction (see Supplementary Table 5). However, it is obvious
that the CO, reduction over the electrified heating wire proved to be
challenging. Even after a reaction time of 3 min, the yield of CO was
less than 10% (Fig. 4b). In contrast, in the CO, reforming of PE under
optimal reaction conditions, a 30% yield of CO could be
achieved within just 1 min after the reaction (Fig. 4c). In comparison
with PE dehydrogenation, the hydrogen yield decreased from 30%
to 12%, and the measured amounts of hydrogen at different time
intervals were lower in the standard reaction. Furthermore, the
conversion rate of CO, was higher during CO, reforming of PE than
during pure CO, reduction at the same reaction site. Therefore,
we deduce that the hydrogen produced from the PE dehydrogenation
was partially consumed to convert CO, to CO during the PE
reforming with CO,, suggesting that the reaction mechanism of CO,
reforming of PE differs from that of simple PE dehydrogenation and
CO; reduction.

To gain a deeper understanding of the reaction process, a FTIR
was employed to monitor the gaseous products generated at different
time intervals. The analysis revealed the presence of characteristic
vibrations of CO (2100-2200cm™) and  hydrocarbon
(2850 -3200 cm™) after only 10s of electrification (Fig. 4d). As the
electrification time increased, the intensity of the CO characteristic
vibrations became more pronounced, while the intensity of the
hydrocarbon vibrations decreased. These observations provide fur-
ther evidence that the initial decomposition of PE leads to the forma-
tion of small-molecule hydrocarbons, which subsequently react
smoothly with CO, under optimal reaction conditions.

Furthermore, methane was employed as a representative small-
molecule hydrocarbon, the reforming reaction over electrified FeCrAl
heating wire was monitored by mass spectrometry in an argon gas
flow. When methane was pulsed across the unelectrified heating wire,
there was no production of hydrogen or other products (Supple-
mentary Fig. 5a). However, when methane was pulsed across the
electrified heating wire, a peak in the signal of H, (m/z = 2) immediately
appeared. At the same time, the intensity of the methane signal (m/
z=15) decreased compared to that over the non-electrified heating
wire. This indicates that the pulsed methane was partially dehy-
drogenated into hydrogen and carbon over the electrified heating
wire. Similarly, when CO, was pulsed over the non-electrified heating
wire, peaks appeared intermittently in the MS signal of m/z =44 and m/
z=28.This is because CO, (m/z = 44) can generate fragment ions of CO
(m/z=28) and O (m/z=16) in MS (Supplementary Fig. 5b). It can be
observed that the peak intensity of m/z =28 increased significantly
when CO, was pulsed into the electrified system, suggesting the gen-
eration of CO through the reduction of CO,. These results demonstrate
that the dehydrogenation of methane and the reduction of CO, can
both occur individually on the electrified FeCrAl heating wire. How-
ever, by coupling these two individual reactions, carbon deposits from
methane and oxygen from CO, on the surface of the FeCrAl heating
wire can be effectively removed. The Raman spectra of heating wire at
different electrified time show that the carbon species are deposited
on it at initial stage and can be removed at the end of the reaction
(Supplementary Fig. 6). Consequently, the catalytic CO, reforming of
methane can be smoothly carried out on the electrified heating wire
(right part of Fig. 4e).

To improve the understanding of the role of electrification on
the FeCrAl heating wire, the system was modified by introducing
only a length of FeCrAl heating wire and providing heat externally
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Fig. 4 | Catalysis kinetics parameters and the in-situ FTIR, MS analyses. a The
kinetics of PE dehydrogenation on an electrified FeCrAl heating wire, reaction
conditions: PE =14 mg, Ar, FeCrAl heating wire 6 Q, current 4 A, T=800 °C, 15 min;
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conditions: PE =14 mg, n (CO,)/n (CH,) =1, FeCrAl heating wire 6 Q, current 4 A,
T =800 °C, 15 min; d in-situ FTIR spectra of CO, reforming of PE on an electrified
FeCrAl heating wire; e Mass spectrometry signals of CO, reforming of methane on a
non-electrified FeCrAl heating wire heated using a furnace heating system, as well
as on an electrified heating wire.

through a furnace. In this configuration, the FeCrAl heating wire
remained unelectrified, but its temperature was the same as that of
the electrified system. Upon injecting equimolar amounts of
methane and CO, intermittently into the system, the mass spec-
trometry signals displayed peaks for m/z = 28 and m/z = 2. However,
the intensities of these peaks were lower compared to the elec-
trified system, as shown in Fig. 4e. This observation further

confirms that the FeCrAl heating wire has some catalytic activity
towards the reaction, but electrification is crucial. Hence, we can
conclude that the hot electrons on the heating wire initiate the
dehydrogenation of the produced gaseous hydrocarbons from PE
and the reduction of CO,, as described by the following equations
(Egs. (1) and (2)). Some hydroxyls generate on the surface of the
heating wire during the reforming process (Supplementary
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Fig. 7)**%, which in turn facilitates dehydrogenation of PE through
proton hopping and proton collision to gaseous hydrocarbons in
the electric field***°. Subsequently, the carbon deposits then react
with active oxygen species to produce additional CO molecules (Eq.
(3)).

plastics pyroyss gaseous hydrocarbons —>*C+ H, @
€0, -5 co+*0 @
*C+*0 -5 CO 3

Life cycle assessment

Based on our experiments, a life cycle assessment (LCA) was con-
ducted to evaluate the environmental impact of CO, reforming of
plastic to produce syngas. The life cycle inventory based on the GREET
2022 was listed in the Supplementary Tables 6 and 7. This assessment
was performed by analyzing the depletion of primary fossil energy
(PFE) and the emission of greenhouse gases (GHG) using GREET 2022
software.

GHG

O]

Energy recovery efficiency

In our electrified system, the FeCrAl heating wire was functio-
nalized as both a heating source and a catalytic component, elim-
inating the need for other catalysts. Consequently, the main
contributor to GHG emissions and PFE depletion during the process
is electricity consumption. This is because traditional LCA does not
consider the construction of basic equipment and plants for large-
scale chemical production. Figure 5a demonstrates that when using
electricity from the Chinese electricity grids, the production of 1kg
of syngas with the electrified system results in GHG emissions of
341.29 kg and a PFE consumption of 6942 M]J (Fig. 5a). Because the
energy consumption of the reforming system mainly focused on the
electricity, the energy recovery efficiency is only 0.60% according
to the corresponding calculations (Supplementary Tables 8 and 9).
This procedure is just like to transform electric energy to chemical
energy. To improve the sustainability and energy recovery effi-
ciency of the electrified system for converting waste carbon sources
(such as waste plastics and CO,) into syngas, the electrified FeCrAl
heating wire can be powered by a photovoltaic power system (PV)
utilizing solar irradiation. As illustrated in Fig. 5b, the CO, reforming
of PE can be smoothly carried out under natural solar irradiation in
the solar-powered electrified system. This approach reduces PFE
depletion and GHG emissions by 94.9% and 95.7%, respectively.
More importantly, the energy recovery efficiency increases to

PFE

PFE(10? MJ Kg™")
GHG(Kg CO,eq Kg™)

= N N N

8 & 8 3

a
o
1

electricity grids

powered by solar energy

Fig. 5| Life cycle assessment of the reforming system and a demo configuration
using solar energy. a Effects of power supply methods on the life cycle PFE
depletion, GHG emissions and energy recovery efficiency. b CO, reforming of PE

powered by photovoltaic power generation. reaction condition: 14 mg PE, 44 mg
CO,, FeCrAl heating wire 6 Q, current 4 A, T=800 °C,15 min.
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107.5%, showing a practical and potential strategy to store solar
energy. Therefore, this environmentally friendly strategy for upva-
luing waste plastics and carbon dioxide is both sustainable and
efficient, with the potential for application in a low-carbon future.

Discussion

The electrified FeCrAl heating wire serves as a crucial component for
the CO, reforming of plastic into syngas. Not only does it provide high
temperatures but it also acts as catalytically active sites and supports
for hot electrons. Significantly, polyolefin plastics, such as PE and PP,
can be effectively reformed with CO, to produce CO and H, with high
yields and carbon balance. The plastics containing phenyl groups, such
as PS and PET, can also be reformed with CO, to produce syngas,
although relatively more residual carbon remained. However,
prolonging the reaction time, the remained carbon will be less. Actu-
ally, the residual carbon derived from plastics with special nanos-
tructure and without impurity may have other potential application.
Indeed, Flash Joule Heating (FJH) technology has been used to convert
plastics to one or two-dimension carbon nanomaterials in the presence
of metal chloride as catalyst or carbon black as conductive
additives®*. The achieved carbon nanotube must contain the metal
nanoparticles and the conductive additive such as carbon black would
impact the purity of the achieved graphene. Compared to the two FJH
strategies, our reforming system with electrified heating wire as key
component avoid the introduction of conductive additives or catalyst.
In the absence of CO,, PE can be dehydrogenated to carbon nano-
spheres (Supplementary Figs. 8 and 9) and hydrogen quantification-
ally. The carbon nanospheres mainly deposit on the heating wire and
the inner wall of reactor, which make the separation from reactor
easier than other reaction system.

Although the electrification for heating wire is the main energy
consumption during the entire reaction according to the LCA result, it
is an energy saving process because the internal heating strategy avoid
the heat conduction and heat exchange in the traditional heating
measures. The chemical energy of plastics is fully converted into the
products syngas according to the calculated energy recovery effi-
ciency. To facilitate the observation of the experimental phenomena,
the main part of the reactor is designed as quartz tube without a heat
insulator. By reducing the heat loss during the reaction, the energy
consumption will be reduced. Moreover, the sustainability merit of this
catalytic process can be further enhanced by using photovoltaic power
under solar irradiation through a life-cycle assessment. Our approach
not only offers a promising strategy for co-upcycling two waste carbon
resources, but also paves the way for contributing to a sustainable
circular economy.

However, some problems should be addressed if this kind of
reforming reactor will be magnified and applied in the practical
industry for the reforming of waste plastics and CO,. Firstly, the
reactor is a kind of batch reactor and the duration is crucial to com-
prehensively reform plastics with CO,, which make it difficult to
achieve the continuous feed of plastics and CO, to reactor. Even if the
intermittent feeding is acceptable for the batch reactor, a feeding inlet
should also be designed on the tube so that solid plastic can be fed
around the heating wire. Secondly, in the large-scale reaction, con-
sidering the molar amount of CO, should be same with the molar
amount of carbon in plastics in order to reform entirely, the volume of
reactor should be large enough to accommodate the enough amount
of CO,. Consequently, the heating zone should be expanded to the
whole reactor. In addition, insulation measures should be adopted to
minimize the carbon deposit and ensure the reforming reaction
entirely. More importantly, since the reforming reaction is a volume
expansion process, safety for the experiment operator must be
ensured. If a metal reactor is designed to improve the safety, the
electric and thermal insulation must be taken into account to ensure

normal electrification and resistance to heat loss. The corresponding
investigations are currently being carried out in our laboratory.

Method

Materials

All reagents were purchased from commercial suppliers and used as
received. PE (1000 mesh, Shanghai Macklin Biochemical Technology
Co., Ltd.), PP (MIL:12 g/10 min, Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd.) and PET (300 mesh, Shanghai Branch, Du Pont China
Holding Co., Ltd.) can be directly used. Standard Digital Multimeters
(UNI-T, UT53) was used to measure temperature and resistance. FeCrAl
wires involved in the experiment are made of the same material. A
direct current (DC) power generator (MAISHENG, MP3030D) was used
to supply power to the resistance wire. Outdoor solar power supply
KUPA (KP220V, 600 W) provides electricity for PV system experi-
ments. The partly reforming experiments (like heating rate compar-
ison and MS experiment, Figs. 1d, 4e) were heated by an electrical
furnace (Longkou Yuanbang Electric Furnace Manufacturing Co., Ltd.)
which were separately temperature controlled and monitored.

CO, reforming of plastics

A length of spring-like iron-chromium-aluminum (FeCrAl) heating wire
was cut from along one with the diameter of 0.3 mm, and its resistance
changes with its length. Fixing the heating wire on the metal terminals
of a small porcelain boat with a dimension of 44 x11 x 7 mm. After
14 mg of polyethylene (PE) was weighted into it, the porcelain boat was
fixed into a quartz tube with an inner diameter of 19 mm and length of
100 mm, and two copper wires were connected with the two terminals
of heating wire. Both ends of the quartz tube were sealed with rubber
rings and metal flanges. On each metal flanges, one inlet equipped with
a valve can connect with argon or CO, gas pipeline, and the copper
wire connecting to heating wire came out from another inlet that was
sealed with a rubber ring and a screw cap. The air in the system was
purged out with a mixture gas (composed of 74% CO, and 26% Ar) and
then filled with this mixture gas before reaction. The argon gas func-
tions as internal gas for quantifying the gas products. Then a direct
current (DC) power generator (MAISHENG, MP3030D) was used to
supply power to the resistance wire. The current and voltage were
adjusted according to the experimental demand. The temperature in
the reactor was detected with a thermal couple inserted into the sys-
tem and the temperature distribution of the reaction system was
recorded by an infrared thermal imager (UTi-260B, Uni-Trend Tech-
nology Co., Ltd.). The gas products were analyzed and quantified by a
gas chromatography (Agilent 7820 A) equipped with thermal con-
ductivity detector (TCD) and flame ionization detector (FID). A Haye-
sep Q column was connected to TCD to analyze CO, H, and Ar, and a
HP-PLOT Al,O3 column connecting to FID was used to analyze
methane and other hydrocarbons. The inlet temperature was set at
200 °C. The carrier gas was He with flow rate of 3 mL min™. Because the
carbon residual mainly deposits on the boat, resistance wire and
quartz tube, the mass of solid was determined by weighing the total
mass of the three parts before and after reaction. In detail, the weight
of solid product was calculated by the difference between after reac-
tion and before reaction (Supplementary Table 1).

The carbon balance and mass balance of each reaction:

m
Nco* N, (0 GO+ Ny, +2nc,yy +3C3H, + Ty

Nature Communications | (2024)15:8243

carbon balance= . — x100%
T+ neo,(original)
“4)
mass balance
_ 2ny, +28ncp +44nco,(0n GC) +16n¢y, +30nc,y +28nc,y, +44C3Hg + Mgyq <100%
N My + M, (original) ’
)
8


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52515-y

For other plastics, such as polypropene (PP), polystyrene (PS),
polyethylene terephthalate (PET), the loading mass was determined by
maintaining equal moles of carbon in plastics and CO,.

In-situ Fourier Transform Infrared spectrum (FTIR)

A home-made gas cell having two parallel zinc selenide windows and a
Fourier transform infrared spectrometer (Thermo NICOLET IS-10)
were used to record the spectrum. At different reaction stage, the gas
product was sampled and injected into the gas cell to collect the FTIR
spectrum.

In-situ pulsed Mass spectrum (MS)

With methane as representative hydrocarbon, the pulsed dry reform-
ing of methane was monitored by online mass spectrometry (Hiden,
HPR-40). The argon gas with a flow rate of 10 mL/min was used as
employed as a carrier gas. Methane, CO, or the mixture of CO, and CH,
was pulsed injected into the reactor through a six-way valve equipped
a quantitative ring (1.8 mL) after the baseline was flat. The m/z values of
44, 28, 15, 2 were all monitored by the online MS.

Life cycle assessment

We used the GREET 2022 software to perform Life Cycle
Assessment (LCA) calculations such as greenhouse gas (GHG) emis-
sion and primary fossil energy (PFE) depletion, evaluating environ-
ment impacts within different system. Parameter and values are
presented for calculation model and PV system in Supplementary
Tables 6 and 7.

Energy recovery efficiency

To estimated the reforming system, we defined energy recovery effi-
ciency as following. The main reforming products of our work were
gases. Herein, the energy recovery efficiency was calculated according
to this:

output energy

— x100%
energy + electricity energy

(6)

energy recovery efficiency = PE chemical

The detailed calculated information was shown in Supplementary
Tables 8 and 9.

Data availability

The data that support the figures within this paper and another
finding of this study are available from the corresponding author
upon request. Source data are provided as a Source Data file. Source
data are provided with this paper.
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