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ABSTRACT: Hyperaccumulators are annually mass-produced,
which may ultimately endanger the environment and human
health without an appropriate treatment. However, the current
pyrolysis technique cannot achieve efficient metal removal and
produces low-value materials due to its limited heating temperature
and unitary operational principle. Herein, a ground-breaking flash
Joule heating (FJH) was proposed to recycle a typical zinc-enriched
hyperaccumulator to a profitable material (flash graphene) with a
superior metal removal efficiency. The results indicate that the
FJH-induced instantaneous ultrahigh temperature (∼3000 K, 20 s)
promotes metal removal efficiency and graphitization of hyper-
accumulators and simultaneously current exfoliates to form 3−7
layer graphene. Moreover, light spot moving and luminance
fluctuation visualized by a high-speed camera confirm that metals are adequately evaporated to squirt out from the parental
hyperaccumulator. Furthermore, the crystal phase inducer evokes the chlorination reaction to improve metal removal efficiency
(98.6%) under less impacts on forming a graphene structure. Accordingly, flash graphene is examined by seed germination,
indicating that it is environmentally safe with a few remaining metals or environmentally persistent radicals. Then, the tested
graphene with a thin layer enables a more efficient photothermal conversion for solar-driven water evaporation than pyrochar.
Moreover, the economic assessment indicates that profits from the FJH treatment are ∼850-fold higher than that from pyrolysis.
Thus, FJH is an avant-garde recycling technique to renovate hazardous hyperaccumulators.
KEYWORDS: hyperaccumulator, recycling, Joule heating, metal decontamination, pyrolysis

1. INTRODUCTION
Hyperaccumulators, a group of plants for cost-effective
environmental remediation, are annually produced in a large
scale.1−3 Notably, the abundant carbon sources in harvested
plants could be reutilized to produce valuable carbon
materials.4−6 However, exposure of these carbon materials
will lead to migration of endogenous metals, which may induce
secondary pollution via environmental release.7 Hence, an
efficient and eco-friendly treatment is required to synchro-
nously decontaminate and upgrade these hazardous hyper-
accumulators.

Unfortunately, there are great challenges in recycling
harvested hyperaccumulators. For decades of research,
pyrolysis technique has been used for resource reutiliza-
tion.8−10 However, pyrolysis achieves a low metal removal
efficiency due to its insufficient heating temperature and
unitary operational principle.11−13 Moreover, the produced
carbon materials show limited value due to the low degree of
carbonization.14,15 Thus, these materials show inferior electron
transport rate and mechanical strength, which can hinder their
performance in subsequent applications, such as energy storage

and material reinforcement.16−18 Therefore, it is necessary to
identify an eco-friendly method to achieve a higher metal
removal efficiency and simultaneously produce more profitable
materials when recycling hazardous hyperaccumulators.

Flash Joule heating (FJH), a nascent method which can
upcycle biomass carbon sources to lucrative material (flash
graphene), has captured significant attention.17,19 Different
from the traditional thermochemical methods, this unique
technique is initiated using a current directly passed through
the reactant to instantaneously drive the reactant to ultrahigh
temperature (∼3000 K in 20 s).20,21 The strong current
induced high temperature accompanied by electric exfoliation,
which rearranged and exfoliated the structure of the reactant to
form flash graphene.22 Since FJH-induced electric thermal
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effect provides an ultrahigh temperature over the boiling point
of most metals (Figure S1), this technique has recently been
applied for metal recycling.23 Therefore, both metal recycling
and material reforming rely on the ultrahigh temperature
induced by FJH, implying the flexible tunability of FJH and its
promising potential on renovation of hazardous hyper-
accumulators. However, this promising technique has not
been applied to efficiently decontaminate and upgrade
hazardous hyperaccumulators.

Moreover, the crystal phase inducer has been reported that it
can improve the removal of metals via chlorination reaction.23

This is because the derived metal chlorides which have lower
boiling points can be easily evaporated. However, the addition
of the crystal phase inducer may elevate the resistance of the
reactant, which further affects the alternating current and the
electric thermal effect of FJH treatment. Nonetheless, there is
little information on how the crystal phase inducer impacts
graphene fabrication, which also requires further investigation.

In this study, a homemade FJH system was constructed, and
a typical hyperaccumulator was treated by the FJH treatment
to synchronously achieve an efficient metal removal and
material upgradation. (1) To evaluate the versatility of FJH
treatment for hyperaccumulator recycling, reacting phenom-
ena, metal removal efficiency, and the structure of derived

materials were analyzed. (2) The crystal phase inducer was
used to induce a pyrochlorination reaction to further improve
the metal removal efficiency. (3) The seed germination
assessment was conducted to analyze the environmental safety
of the flash graphene. Finally, the superiority assessment of
flash graphene was conducted to verify its wider applicability
than pyrochar (PC). Also, the sample was treated by pyrolysis
as comparison.

2. MATERIALS AND METHODS
2.1. Hyperaccumulator Recycling Using FJH. Sedum

plumbizincicola, collected from a zinc (Zn) remediation site,
was selected as a typical hyperaccumulator (mainly contains
Zn). The FJH treatment was conducted in a homemade
equipment, which included power, reacting, and product
collecting system (Figures S2 and S3). The FJH equipment
supplied an alternating current to directly graphitize and
exfoliate the sample to promote metal volatilization and
synchronously upgrade to flash graphene. S. plumbizincicola
was first mixed with carbon black (6 wt %) to obtain a
conductive sample. Further, KCl, as a typical crystal phase
inducer, was added into this mixture to further improve metal
removal. To initiate the FJH reaction, this mixture sample was
treated by an alternating current at initial voltage from 80 to

Figure 1. (a) Schematic of the FJH system. (b) Real-time temperature and current during the FJH treatment. The FJH treatment could be divided
into three stages. (c−f) Real-time reacting phenomenon filmed by a high-speed camera. The inlaid images in (c−f) were the screenshots of the
emitted light during the reacting process. In order to take a closer look at the reacting process, the hollow anode was replaced by a solid anode
during the filming. In a typical FJH treatment, evaporated heavy metals were trapped in a collecting system. (g) Light intensity changes of different
positions of the reacting sample during the FJH treatment. (h) Zn removal efficiency of the FJH treatment and pyrolysis. The error bars represent
the standard deviation where each sample was tested for 2 times. (i) Raman spectra of PC and carbon materials produced by the FJH treatment.
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200 V under a negative pressure. During the FJH treatment,
volatiles flow through the hollow anode and were eventually
trapped by collecting system. The collecting system consisted
of a condenser pipe and a successional gas bag (Figures 1a, S2,
and S4). The evaporated metals can be further condensed in
the condenser pipe at the liquid N2 temperature.

To take a closer observation at the synchronous action
which included instantaneous metal evaporation, a high-speed
camera (Qianyanlang M230) was applied to film the reacting
process at 500 frames per second. Furthermore, the light
intensity changes of the reacting sample were obtained from
the video to investigate the graphitization process. Based on
the Hue Saturation and Value color model, MATLAB software
was used to extract light intensity of different positions along
the horizontal center line of the reacting tube. Therefore, the
light intensity distribution of the reacting area at an arbitrary
time was obtained. Sequentially, the changes of light intensity
with time in a fixed position of the reacting area were obtained
by analyzing different screenshots of the video.

Moreover, the sample was treated by slow pyrolysis in
comparison to the FJH treatment. The sample was pyrolyzed
in a box-type resistance furnace with a continuous nitrogen gas
flow of 100 mL/min at 600 °C (heating rate of 10 °C/min) for
90 min.
2.2. Assessment of the FJH-Derived Products. To

assess the solid, liquid, and gaseous products of the FJH
treatment, the products were, respectively, collected. FJH-
derived carbon materials were named as FG80, FG140, and
FG200 according to the initial voltage (80, 140, 200 V), and
FG140-Cl represented the flash graphene produced under 140
V with the assistance of KCl crystal phase inducer. The FJH-
derived carbon material was first digested to calculate metal
removal efficiency (Note S1). Then, the Toxicity Character-
istic Leaching Procedure and seed germination experiment
were conducted to investigate the release risk of heavy metal
(Zn), the details of which are listed in Note S1. Additionally,
the intensity of environmental persistent radicals in the derived
carbon samples was determined by an electron paramagnetic
resonance (EPR) spectrometer (JEOL-FA200) with a single
cavity. The parameters for the EPR measurement were as
follows: the modulation was 100 kHz with the microwave
frequencies of 9076 MHz, the sweep width was 100 G, and the
modulation amplitude was 0.35 mT. The EPR microwave
power was set specifically to 1 mW, and the sweep time was
81.92 ms. In order to identify the combined form of heavy
metal (Zn) in carbon material, X-ray absorption spectra of the
samples at Zn K-edge were collected. Zn foil and ZnO were
used as reference standards. The storage ring was operated at
the energy of 2.5 GeV with an average electron current below
200 mA. The k2-weighted Fourier transform of x(k) in R space
was obtained over a range of 0−14.0 Å by applying a base
window. The acquired extended X-ray absorption fine
structure (EXAFS) data were extracted and processed
according to the standard procedures using the ATHENA
module implemented in the FEFIT software packages.

Furthermore, the structure of the carbon material was
assessed. Raman spectra were taken to identify the
graphitization degree and the layer of the carbon material.
The parameters were fitted with three distinctive Lorentz
peaks: D (∼1350 cm−1), G (∼1580 cm−1), and 2D (∼2700
cm−1) bands. X-ray photoelectron spectroscopy (XPS) analysis
was performed using a PHI Quantera XPS system using a step
size of 0.1 eV with a pass energy of 26 eV. All of XPS spectra

were calibrated using the standard C 1s peak at 284.8 eV.
Atomic force microscopy (AFM) analysis was performed to
measure the flake thickness of flash graphene by a Bruker AFM
system (Bruker Dimension ICON, Germany). The details of
other assessments (transmission electron microscope, surface
area, and total pore volume analysis) are listed in Note S2.

As for the liquid products, the trapped samples were first
concentrated by nitrogen blowing and dissolved in methyl
alcohol for subsequent assessment. Chemical composition of
liquid products was analyzed by electrospray ionization (ESI)
Fourier transform (FT)-ICR MS (Bruker Apex ultra) in
negative formation with a 15 T superconducting magnet. The
capillary column-introduced voltage was 3.8 kV, and the
accumulating time was 0.06 s. The signal-to-noise ratio was
enhanced by accumulating 300 scans. Then, the statistics were
analyzed to calculate the intensity weighted average values of
O/C, H/C, DBE, and m/z for observing the transformation of
the main chemical component of the samples.24,25

As for gaseous products, the samples were analyzed by gas
chromatography (GC) (PerkinElmer Clarus 580) to identify
the composition. The proportion and volume of small-
molecule gases (such as H2, CO, CO2, C2H2, C2H4, C2H6,
C3H6, and C3H8) were calculated to investigate the relation-
ship between the FJH input power and the component
changes.

The details of the superiority assessment for a high FJH
power-derived flash graphene are listed in Notes S3 and S4.

3. RESULTS AND DISCUSSION
3.1. Hyperaccumulator Recycling Using FJH. S.

plumbizincicola, a typical hyperaccumulator mainly containing
Zn, was selected to disclose and examine the advantages of
FJH treatment on hyperaccumulator recycling using a
homemade equipment (Figures 1a, S2, and S3 and Table
S1). Based on the changes in current, temperature, and
phenomena visualized using a high-speed camera (Figures S5
and S6), the FJH treatment with an initial voltage of 140 V
could be typically divided into three stages (Figure 1b). In the
initial stage (0−0.6 s), the alternating current induced Joule
heat that instantaneously heated the sample to increase its
temperature with an ∼90% reduction in sample resistance
(Figures 1c and S7 and Table S2). Next (0.6−2 s), the
decrease in the sample resistance will lead to the increase in the
current (Figure 1b). Undoubtedly, the temperature can rapidly
increase over most metal boiling points due to the stronger
heating effect caused by the increasing current (Figure 1b),
implying a possible high metal removal efficiency. Accordingly,
a few luminous spots and smoke were discharged from the
reacting tube with a bright pink light emitted from the sample
(Figures 1d and S8). The pink light exhibited a mixed color
from ionized metals (endogenous Ca and Mg in the
hyperaccumulator), implying that the temperature was high
enough to evaporate endogenous metals (Figure 1e). It also
should be noted that the evaporated metals can be trapped by
the collecting system with liquid N2 of the FJH equipment
(Figure S4). Subsequently (2−20 s), the sample was heated to
incandescence with a rapid change of temperature from 1400
to 3000 K and graphitized under ultrahigh temperature in the
remolding stage (Figure 1f). During the remolding stage, the
light intensity of the sample rapidly increased, and the
luminous area extended to the whole sample, indicating the
thorough graphitization of the sample (Figures 1g and S9).
Additionally, the strong current repeatedly shocked the
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graphitized sample to exfoliate the carbon layer. Thus, this
unique process, which included an instantaneous high
temperature and a strong current, could lead to synchronous
metal evaporation, graphitization, and exfoliation of the
sample.

As predicted, the FJH treatment achieved a higher metal
removal efficiency than that of pyrolysis recycling (Figures 1h
and S10). Furthermore, the metal removal efficiency of the
FJH treatment improved with the increase of input power due
to the enhanced reacting temperature (Figures S11−S13 and
Note S5). Importantly, as a risky heavy metal that may induce
secondary pollution, the leaching risk of Zn from the FJH-
derived carbon material was lower than that of the interna-
tional Zn leaching standard (Figure S14). This was because the
concentration of the remaining Zn in the FJH-derived carbon
material was low and the combined form of Zn became more
stable after treatment with an ultrahigh temperature. In
addition, the reduced ID/G value and the increased I2D/G
value indicated that the sample was graphitized and exfoliated
to a thin flash graphene at a high input power (Figures 1i and
S15). The thickness of the material produced under a high

initial voltage (FG140 represents the FJH-derived carbon
material under a voltage of 140 V) was observed to be 0.90−
2.34 nm (Figure S16), indicating that the stronger power
promoted the graphitization of the carbon material and
reinforced electric exfoliation to produce a flash graphene
structure with a few layers, which was also confirmed by the
transmission electron microscopy image of FG140. XPS
analysis indicated a high ratio of C�C to C−C bonds with
an increase in the input power, further confirming the
formation of a flash graphene structure at high input power
(Figure S17 and Table S3).17

To evaluate the advantages of FJH treatment, the sample
was also treated with pyrolysis for comparison. In addition to
the low metal removal efficiency, pyrolysis produced low-
quality PC with an inferior carbon structure due to the low
reacting temperature and the lack of electric exfoliating effect
(Figures 1i and S18). Additionally, PC also had a high Zn
leaching risk because of the high Zn concentration and the
unstable combined state (Figures S14 and S19). There were no
differences in the pore structures of PC and flash graphene
(Figure S20 and Table S4). Therefore, the FJH treatment

Figure 2. (a) Mass distribution of solid, liquid, and gaseous products of the FJH treatment. (b) Chemical composition (%) of liquid products of the
FJH treatment with different initial voltages. (c) Plots of O/C versus H/C for the resistant, produced, and reacted compounds of the FJH
treatment with the initial voltage of 200 V compared with 80 V. (d) Ox class species and m/z distribution of the liquid products of the FJH
treatment with different initial voltages. (e) Metal removal efficiency of the FJH treatment with different concentrations of KCl. (f) Zn leaching rate
of various flash graphene derived from the FJH treatment with different concentrations of KCl. (g) Raman spectra of various flash graphene derived
from the FJH treatment with different concentrations of KCl. (h) I2D/G and ID/G ratios of various flash graphene derived from the FJH treatment
with different concentrations of KCl. The error bars represent the standard deviation where each sample was tested for 2 times.
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conquered obstacles inherent in traditional techniques,
showing a superior ability for synchronous graphene
fabrication and metal removal.

Additionally, the liquid and gaseous products of the FJH
treatment, which accounted for 60.9−88.1% weight, were also
investigated (Figure 2a). GC and high-resolution FT-ICR MS
with negative ESI were used to reveal how liquid and gaseous
products transformed under different input powers. With
increased input power, compounds with high H/C values but
low O/C values were produced (Table S5), indicating that
FJH induced a decarboxylation reaction based on the van
Krevelen diagram (Figure S21). Moreover, the molecular
composition indicated that the main contents (tannin, lignin,
and carboxylic-rich alicyclic molecule (CRAM)-like structures)
of the liquid products were further degraded to lipids with
increased input power (Figures 2b,c and S22), which was
consistent with the increased H/C values and the reduced O/
C values. Accordingly, highly oxidized compounds were
cracked and transformed to gaseous products (Figures 2d
and S23). Since the gaseous products mainly consisted of
available CO, H2, and CH4 (Figure S24), they might be
utilized for power generation to offset the partial energy of the
FJH treatment.
3.2. Decontamination Improvement with the Assis-

tance of Crystal Phase Inducer. Pyrochlorination refining
has been used to improve the metal recovery efficiency of
pyrometallurgy.26,27 Therefore, KCl was added to the reactant
as a crystal phase inducer to improve the metal removal
efficiency during the FJH treatment. With the addition of the
crystal phase inducer, metal removal efficiency was promoted
(Figure 2e) because the crystal phase inducer converted the
inherent metal into metal chloride. Since metal chloride has a
higher vapor pressure than metal, inherent metals were
evaporated better when the sample was electrified (Figure
S25). Notably, Zn removal efficiency promoted from 55.5 to
82.1%. Accordingly, the Zn enrichment factor significantly
decreased to 0.83 (Figure S26), indicating that the absolute Zn

concentration in flash graphene was lower than that in the raw
material. Therefore, the crystal phase inducer improved the
decontamination ability of the FJH treatment. Additionally,
over 50.8% of Zn that remained in the produced flash graphene
could be leached out (Figure 2f), indicating that the flash
graphene could be further purified with a second leaching
process using harmless solution. After secondary leaching, the
Zn removal efficiency of FJH treatment was enhanced to
98.6% (Figure S27).

Next, the influence of the crystal phase inducer on the
graphene fabrication ability of the FJH treatment was
investigated. There were no significant differences in the
temperature and current of the FJH treatment (Figure S28),
implying that the carbon structure rearrangement might not be
hindered by the crystal phase inducer. As predicted, Raman
spectra of the produced flash graphene showed an apparent 2D
band, confirming that the addition of the crystal phase inducer
did not suppress the graphitization and electric exfoliation of
the sample (Figure 2g,h). Therefore, the crystal phase inducer
can optimize the decontamination capacity of the FJH
treatment under less negative impacts on graphene fabrication
ability.
3.3. Environmental Safety of Flash Graphene Pro-

duced Using FJH Treatment. The FJH treatment with a
high initial voltage exhibited a high metal removal efficiency
and improvement in the structure of the derived carbon
materials. Therefore, FG140, FG140-Cl, and PC (FG140-Cl
represents flash graphene produced under 140 V with the
assistance of the KCl crystal phase inducer) were chosen to
conduct an environmental assessment using seed germina-
tion.28−30 Flash graphene exhibited little negative impact on
wheat growth (Figure 3a), whereas PC obviously inhibited the
growth of wheat (Figure 3b,c). It was reported that heavy
metals might hinder plant growth,31,32 implying that higher Zn
leaching risk of PC leads to inhibition of plant growth. FT
EXAFS spectra of both flash graphene and PC showed that the
bond length of the first Zn core was ∼2 Å (Figure S29),

Figure 3. (a) Comparison of wheat seed growth treated by different solutions (1% w/w) after 7 days. CK corresponds to the control sample. (b,c)
Effects of different samples on the length of root and shoot of the wheat seedling. (* and ** represent statistically significant at p < 0.05 and p <
0.01 compared to control). (d,e) Wavelet transform images of PC and flash graphene. The red area represents the combined bond of Zn. (f) Free
radical signal of various samples. g factor indicates the form of free radicals.
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indicating that zinc oxide was the main compound remaining
in the samples. Additionally, the wavelet transform spectra of
both samples confirmed that the main combined form of Zn
did not change under higher temperatures (Figures 3d,e and
S30). According to the EXAFS fitting parameters of flash
graphene and PC, the coordination number of Zn was slightly
larger in flash graphene (Figure S31 and Table S6), indicating
that ZnO was more stable after the FJH treatment.
Accordingly, the Zn leaching concentration in FG140 was
lower than that in PC, which partly accounted for little growth
inhibition of wheat seeds treated with FG140.

In addition, environmentally persistent free radicals
(EPFRs) in the samples may synchronously cause negative
impacts on seed growth by inducing •OH in water.33−36 An
EPFR signal was detected in both flash graphene and PC
(Figure 3f). Since all g factors of the EPFR signals ranged from
2 to 2.003 (Table S7), the EPFRs of all samples were carbon-
centered radicals.37 Further, high temperature (>1173 K) is
able to promote EPFR decomposition.38 As shown in Figure
3f, the EPFR intensity in flash graphene is ∼3 times lower than
that in PC, suggesting that flash graphene contains less EPFRs.
Accordingly, low concentration of EPFRs induced less •OH in
water,39,40 imposing little inhibition on seed growth compared
to that of PC. Therefore, both the low heavy metal
concentration and fewer EPFRs in flash graphene had fewer
impacts on wheat seed growth, indicating that flash graphene
was relatively environmentally safe.
3.4. Superiority Assessment of Flash Graphene

Derived from FJH Treatment. As a promising two-
dimensional material, graphene has revolutionized a wide
range of applications.41,42 Thus, flash graphene was used as a
specimen to assess its superiority over PC by photothermal
conversion. Flash graphene was used to fabric a hybrid
hydrogel (FG140-H) as a solar evaporator in comparison with
a pure hydrogel (CK) and a PC-derived hybrid hydrogel (PC-
H) for solar-driven water evaporation under 1 sun
irradiation.43 As shown in Figure 4a, FG140-H has a better
performance with an energy conversion efficiency of 74.1%
compared with that of CK (36.0%) and PC-H (67.0%). As

shown in Figures 4b and S32, flash graphene has a smaller
particle size (20−40 nm) and reduced thickness (0.85−1.87
nm) compared to that of PC, which results in better
interpenetration of flash graphene in the polymeric network
of the hydrogel to enhance heat confinement and accelerate
water evaporation.44,45 Therefore, the surface temperature of
FG140-H was higher and increased faster than that of PC-H
(Figures 4c and S33), resulting in increased water evaporation
efficiency of FG140-H. Moreover, flash graphene with a thin
layer showed high thermal conductivity due to faster electron
transfer, which enabled FG140-H to fast transfer thermal
energy into the surrounding polymeric network to improve
evaporation.46,47 Additionally, broadband light absorption also
improves the efficiency of solar-driven water evaporation.48−51

As shown in Figure S34, FG140-H and PC-H show similar
light absorption (92.0−96.1%) over a broad solar spectrum
(250−2500 nm) because dark materials show similar light
absorption ability. Therefore, it can be deduced that the small
particle size and a thin layer enabled flash graphene to achieve
a better water evaporation efficiency.

Next, the comprehensive ability of FG140-H was assessed.
Hydrophilicity has a significant influence on the water content,
which affects the water evaporation process.52 The contact
angle of the surface of FG140-H was 47.59° (Figure S35),
which illustrated that FG140-H was hydrophilic enough to
absorb bulk water. As shown in Figure S36, the saturated water
content of FG140-H is 5.0 g/g, which ensures a sufficient water
supply to achieve a high water evaporation efficiency. Further,
small pores were detected in FG140-H, and the pore walls also
contained small pores (Figure S37). The rich pore structure
enabled FG140-H to supply sufficient water to the hydrogel
surface. Therefore, the FJH-derived graphene showed superior
application potential than PC.

Overall, the FJH treatment achieved an efficient metal
removal and synchronously upgraded a hazardous hyper-
accumulator to a profitable material (flash graphene), which
cannot be achieved by the traditional pyrolysis treatment.

Figure 4. (a) Evaporation rate and evaporation efficiency of different hydrogels under 1 sun irradiation. (FG140-H represents flash graphene
FG140-derived hybrid hydrogel, PC-H represents PC-derived hybrid hydrogel, and CK represents pure hydrogel.) (b) AFM analysis of flash
graphene and PC. The below plots represent the thickness and morphology of the selected parts of the above plots. (c) Temperature changes of
each hydrogel surface under 1 sun irradiation.
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4. CONCLUSIONS
In this work, the hazardous hyperaccumulator is recycled using
an innovative FJH treatment to gain a more profitable material
(flash graphene) with a few remaining metals. Compared to
the traditional pyrolysis treatment, the FJH treatment proves
to be a win−win method for decontamination and value
increment of hyperaccumulator. With the assistance of a crystal
phase inducer, the decontamination capacity of the FJH
treatment was optimized under less negative impacts on the
graphene fabrication ability. Also, the FJH-derived flash
graphene, with a few remaining metals or environmentally
persistent radicals, was shown to be environmentally safe.
Moreover, the hybrid hydrogel manufactured with flash
graphene showed better performance on photothermal
conversion for solar-driven water evaporation. An economic
evaluation of the FJH treatment and the pyrolysis treatment
(Note S5 and Table S8) indicated that the FJH treatment
showed a net income of ∼850 times that of the profits of
pyrolysis. Therefore, a considerable value increment of the FJH
treatment can be achieved by construction of an amplifying
automatic FJH system to further promote the manufacturing
capacity.17
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