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The rapid development of new energy sources has
produced large quantities of battery-derived spent LiFePO,
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emerging flash Joule heating (FJH) technology to upgrade Fe-
enriched residues, and its performance was independent of Li
leaching pathways. Common Li leaching protocols were initially
applied to extract Li and produce residues enriched with FeC,0,,
FeO(OH), FePO,, and Fe;O,. Subsequently, ultrahigh temperature
and electrical stripping were performed by FJH treatment, promoting Fe—O bond breakage within the various Fe phases and
generating low-coordinated Fe’ nanoparticles, as confirmed by extended X-ray absorption fine structure analysis. The unique low-
coordinated Fe’ nanoparticles present in the FJH-derived composites promoted the enhanced catalytic degradation of
chloramphenicol following peroxydisulfate activation, in relation to that achieved through traditional pyrolysis-derived composites.
Furthermore, the developed continuous FJH process demonstrated the potential for the large-scale recycling of Fe-enriched residues

@ low-coordinated Fe? nanoparticles ® Fe;0, FeO, Fe(PO,); etc.

and promoted the conversion of Fe-enriched residues after Li recovery.

spent lithium-ion batteries, LiFePO, cathode, recycling, flash Joule heating

Owing to their long cycle lives and excellent safety profiles,
batteries constructed using LiFePO, cathodes have been
extensively used as large-scale energy storage devices in
electric vehicles."” The service lives of LiFePO, batteries
tend to range from S to 8 years.” In 2021, China produced
9400 tons of spent LiFePO, batteries." ® These statistics
indicate the necessity to adequately dispose of a large number
of spent LiFePO, cathodes (SLICs) derived from these
batteries. Currently, the recycling of SLICs is mainly focused
on the extraction of strategic metals such as lithium. However,
the Fe-enriched residues generated from the Li leaching of
SLICs have largely been ignored.”® It is therefore desirable to
upgrade these Fe-enriched residues to reduce resource waste
and avoid possible secondary pollution by harmful residues.’
To date, the high-temperature upgrade of Fe-enriched
residues to produce composites has attracted growing
attention,'’ with pyrolysis being a particularly common
approach for this process."' In traditional pyrolysis, its
temperature may restrict the formation of active components
due to the higher temperature for breaking the chemical bonds
in Fe minerals,'” thereby limiting the catalytic performance of
the resulting composites.'” In addition, graphitization levels of
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the carbon substrate tend to be low at such carbonization
temperatures, thereby resulting in weak electron transport
abilities during catalyst activation.'* Furthermore, previous
studies have indicated that the activation properties of
composites derived from Fe-enriched residues tend to be
dependent on the Li leaching pathway employed, such as
treatment with citric acid (C4HgO,), DL-malic acid (C,H;Oy),
oxalic acid (H,C,0,), or sodium peroxydisulfate
(N2,8,04).">'¢ Therefore, it is necessary to develop an
efficient upgrading method that can overcome these difficulties
and convert Fe-enriched residues from the Li leaching of
SLICs to high-quality composites.

Interestingly, flash Joule heating (FJH) has been identified
as an emerging method for upgrading solid wastes.'”'® In the
FJH process, a current flows directly through the sample,
which instantaneously results in the achievement of ultrahigh
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Figure 1. (a) Li leaching and synchronous obtaining Fe-enriched residues via three common leaching pathways. (b) Leaching efficiency of Li from
spent LIBs cathodes within leaching solution H,C,0, (leaching path 1), Na,S,0; (leaching path 2), and C4HgO, (leaching path 3) [conducted at a
leaching solution concentration of 0.3 mol/L, temperature of 80 °C, soild/liquid concentration of 60 g/L, and leaching time of 60 min]. (c) XRD
spectra of raw materials SLICs and Fe-enriched residues after Li leaching within H,C,0,, Na,S,04, and C¢HgO, solution.

temperature, promotes electrical stripping, and induces
quenching effects.'”*” It has been found that the instantaneous
ultrahigh temperature achievement and electrical stripping
effect can lead to the breakage of chemical bonds such as Fe—
O to form active Fe species.21 Furthermore, these character-
istics can convert the carbon substrate to a thin layer of
graphene, imparting a strong electron transport ability during
catalyst activation and enhancing catalyst performance.”” As a
result, the FJH method can be considered as a possible
approach for upgrading Fe-enriched residues obtained from
the Li leaching of SLICs.

In this study, Fe-enriched residues are initially obtained from
the Li leaching of SLICs using three common leaching
pathways (i.e., oxalic acid, sodium peroxydisulfate, and citric
acid). The Fe-enriched residues are subsequently upgraded
using the FJH treatment approach. In addition, promotion of
the catalytic degradation of chloramphenicol (CAP) by the
FJH-derived composites is employed as a probe to measure the
performance of FJH upgrading for providing active Fe species.
Moreover, the advantages of FJH treatment were evaluated
from the perspective of the composite structure obtained by
FJH compared with that generated via the traditional pyrolysis
method. The mechanism of CAP catalytic degradation in the
presence of the FJH-derived Fe composite is further discussed.

Recovery of Li- and Fe-Enriched Residues from SLICs.
Spent lithium-ion batteries (LIBs) were collected from a spent-
battery recycling station in Suzhou, China. To obtain SLICs,
the spent LIBs were discharged and manually disassembled.
For Li recycling, three common leaching pathways (i.e., oxalic
acid, sodium peroxydisulfate, and citric acid pathways) were
employed to leach the SLICs, resulting in the generation of

abundant Fe-enriched residues. For the oxalic acid process, a
solution of oxalic acid (H,C,0,) was used to dissolve the
SLICs. Li was leached into the solution for further recycling,
while the Fe component was retained in the residue as a
FeC,0, precipitate. Similarly, sodium peroxydisulfate
(Na,$,05) was used to dissolve the SLICs; in this approach,
the Fe component was transformed to a FePO, precipitate.
Subsequently, the Li component was leached from the solution
for recycling. In the third approach, a citric acid (C4H;O,)
solution was used to dissolve the SLICs, and subsequently
NaOH solution was added to adjust the solution pH and
precipitate the Fe;O, species. Further details regarding the
recycling and leaching processes are provided in Note S1.
FJH Upgrading of Fe-Enriched Residues from SLICs.
The Fe-enriched residues obtained from the SLICs were
upgraded by FJH treatment using a self-made system (Figure
S1). Sawdust-derived biochar and Fe-enriched residues were
uniformly mixed as precursors for further FJH upgrading (6
mmol Fe: 1 g biochar). Then, 0.1 g of the mixed precursors
was loaded into a quartz tube and subjected to a direct current
at an initial voltage of 250 V under negative pressure. After the
appropriate treatment time (100 ms), the desired FJH-derived
composites were obtained. The FJH-derived composites
obtained following H,C,0,, Na,S,0g, and C;HgO, treatment
were denoted as FeC,0,—FJH, FePO,—FJH, and Fe;O,—FJH,
respectively. Further details regarding the preparation of the
pyrolysis-derived composites are provided in Note S2.
Characterization of FJH-Derived Fe Composites. The
crystal structures of the FJH-derived composites were
characterized by X-ray diffractometry (XRD) using Cu—Ka
irradiation. The elemental species present in the prepared
samples were determined by X-ray photoelectron spectroscopy
(XPS). All XPS were calibrated using the standard C 1s peak at
284.8 eV. Raman spectroscopy (LabRam HR Evolution) was
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Figure 2. (a) CAP removal efficiency of Fe-enriched residues from Li leaching of SLICs within H,C,0,, Na,S,0s, and C4H;O; leaching pathways
and their derived Fe materials fabricated by pyrolysis and FJH treatment [conducted at pH of 3, PDS concentration of S mol/L, and FJH-derived
composites dosages of 1 mg/L]. (b) XRD spectra of pyrolysis-derived composites from Fe-enriched residues within three leaching paths. (c) XRD
spectra of FJH-derived composites from Fe-enriched residues within three leaching paths.

performed to identify the degree of graphitization and the
layers of the samples. X-ray absorption spectroscopy (XAS),
including X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analyses,
was performed to characterize the FJH-derived composites at
the Co K-edge (7709 eV). These analyses were carried out at
the Singapore Synchrotron Light Source (SSLS) center using a
pair of channel-cut Si(111) crystals in the monochromator.
The Fe K-edge XANES data were recorded in transmission
mode. Fe foil, FeO, Fe;O, and Fe,O; were used as the
reference standards. The storage ring was operated at an
energy of 2.5 GeV with an average electron current of <200
mA. The acquired EXAFS data were extracted and processed
according to standard procedures using the ATHENA module
implemented in the FEFIT software package.”’ The
morphologies and elemental distributions of the samples
were examined through transmission electron microscopy
(TEM) combined with energy-dispersive X-ray spectroscopy
(EDS).

CAP Degradation Assay to Measure FJH Upgrading
Performance. The catalytic degradation of CAP was
performed in a batch reactor. The FJH-derived composites
(1 g/L) were mixed with sodium peroxydisulfate (PDS; 7
mM) to react with CAP solution (60 mg/L) at an initial pH of
~3, 150 rpm, and 25 °C in an oscillating chamber. As controls,
the FJH-derived composites and PDS were independently
added to CAP solutions (60 mg/L) and subjected to the same
assay procedure. During each reaction, the CAP concentration
was analyzed through high-performance liquid chromatog-
raphy (HPLC) at a wavelength of 278 nm. The concentration
of dissolved Fe** was determined according to the 1,10-

phenanthroline method using an ultraviolet—visible (UV/vis)
spectrophotometer at 510 nm.”’ Electron paramagnetic
resonance (EPR) spectroscopy (Bruker EMXplus) was
employed to identify the active radicals (i.e., SO, and
*OH). Radical quenching experiments were also performed
using tert-butanol (TBA) as a strong quencher of °OH,
methanol as a strong quencher of *OH and SO,*”, and furfuryl
alcohol (FFA) as a quencher of *OH, SO,*”, and 'O,. Further
details regarding the quantitative analysis of the radicals are
provided in Note S3. The performance of FJH-derived
composites was further calculated by the catalytic degradation
of bromate and florfenicol (FF). The FJH-derived composites
(1 g/L) were mixed with sodium peroxydisulfate (PDS; 7
mM) to react with bromate and florfenicol (FF) solution (50
mg/L) at an initial pH of ~3, 150 rpm, and 25 °C in an
oscillating chamber.

Li Resource Leaching and FJH Upgrading of Fe-
Enriched Residues. The pathways employed for Li leaching
of SLICs and subsequent Fe-enriched residues are outlined in
Figure la. During the H,C,0, leaching pathway, the Li
leaching efficiency depended on the H,C,0, concentration in
the leaching solution, in addition to the temperature, solid/
liquid concentration, and leaching time (Figure S2). Following
the optimization of the process conditions, >90% Li leaching
efficiency was achieved for all three approaches at a leaching
solution concentration of 0.3 mol/L, temperature of 80 °C,
solid/liquid concentration of 60 g/L, and leaching time of 60
min (Figure 1b). These conditions also yielded a Fe retention
efficiency of ~90.1% (Figure S2), indicating that the Fe-

https://doi.org/10.1021/acsestengg.4c00645
ACS EST Engg. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00645/suppl_file/ee4c00645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00645/suppl_file/ee4c00645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00645/suppl_file/ee4c00645_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00645?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00645?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00645?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00645?fig=fig2&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Engineering

pubs.acs.org/estengg

a _ 16 b
- Experiment data
& (gﬂé o Simulation data
212 ~ $ %
2 = § 4
€ 08 = S % Fe foil
T . -‘:’{ Mé)
I3 ——Fe foil — Fe;0, P = T,
= 04 FeO Fe.O. =< & R, FeC,0,-PY
© V- 2Y3 [ s R
€ —FeC,0,-PY s e-Fe
S —_FeC,0,-FJH I s TRkl
Z 0.0 . —
7100 7120 7140 7160 7180 0 2 4
Energy (eV) R+AR(R)

Figure 3. (a) Fe-XANES K-edge spectra of FeC,0,~FJH, FeC,0,—PY. (b) EXAFS spectra and fitting curves of Fe foil, FeC,0,—~FJH, and
FeC,0,—PY. Wavelet transform images of (c) FeC,0,—FJH and (d) FeC,0,—PY. (e) TEM image and (f) energy-dispersive spectroscopy (EDS)

elemental mapping of C, Fe, and O elements distribution in FeC,0,—FJH.

enriched residues were effectively retained under all three
pathways examined herein. As shown in the XRD patterns
presented in Figure 1c, the crystal phases of the Fe-enriched
residue obtained by H,C,0, leaching were mainly FeC,0, and
FeO(OH), while FePO, dominated following Na,S,04
leaching, and Fe;O, was the most abundant component after
C¢H3O, leaching. These results suggest that the commonly
employed SLICs leaching pathways produce a range of Fe
species in the Fe-enriched residues.

To upgrade the Fe-enriched residues, FJH treatment was
performed to fabricate Fe composites. Subsequently, the
degradation of CAP within PDS activation by the Fe species
was examined as a probe reaction to evaluate the performance
of the Fe-enriched residues. As shown in Figure 2a, the FJH-
derived composites exhibited significantly improved CAP
removal efficiency compared to the raw Fe-enriched residue
and pyrolysis-derived composite. Notably, the catalytic
performance of the FJH-derived composites was found to be
independent of the leaching pathways employed, which was
confirmed by 96.6, 96.3, and 91.1% CAP removal efficiency by
H,C,0,, Na,$,04, and C4HgO, treatment, respectively (Figure
2a). More specifically, 2 CAP removal efficiency of ~72.9% was
achieved using the Fe-enriched residue obtained by H,C,0,
leaching; this improvement was attributed to the activation of
PDS by FeC,0, (Figure 1c).”* Moreover, in order to

distinguish whether the removal of CAP is caused by
adsorption or catalytic degradation of the composites, CAP
adsorption of different FJH-derived composites was conducted
(Figure S3). It was found that the absorption effect of the FJH-
derived composites on CAP removal was weak, suggesting that
removed CAP was mainly degraded by the FJH-derived
composites. These results confirm that the FJH-derived
composites exhibit a higher catalytic activation performance
than those within traditional pyrolysis. It can therefore be
inferred that the instantaneous ultrahigh temperature achieve-
ment and electrical stripping effect of the FJH treatment
favored the formation of active Fe species for PDS activation,
thereby promoting CAP degradation.

Structure Advantage of FJH-Derived Composites
from Fe-Enriched Residues. To better understand the
factors causing the improvement in the performance of the Fe-
enriched residues upgraded by FJH treatment, the structures of
the composites were examined in detail. According to the XRD
patterns, iron oxides (Fe;O, and FeO) were the main Fe
species present in the pyrolysis-derived composites (FeC,0,—
PY, FePO,—PY, and Fe;0,—PY) owing to the low pyrolysis
temperatures employed during treatment (Figure 2b). Notably,
these iron oxides (Fe;O, and FeO) cannot effectively activate
PDS for CAP clegradation.25 In contrast, Fe’, Fe,C, and Fe,0,
were detected in the FJH-derived composites (FeC,0,—FJH,
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Figure 4. (a) Comparison of CAP degradation efficiency from similar advanced oxidation processes reacted systems, such as zerovalent iron and
the composites prepared by conventional methods.’*™*” (b) Cumulative concentrations of -OH and SO,*~ produced from FeC,0,~FJH
composite/PDS system. (c) Line fit of *OH concentration and CAP removal with FeC,0,—~FJH composite. (d) Line fit of SO,*~ concentration

and CAP removal with FeC,0,—~FJH composite.

FePO,—FJH, and Fe;0,—FJH; Figure 2c). The formation of
Fe® was also confirmed by XPS of the FJH-derived composites
(Figure S4). In addition, it should be noted that the abilities of
Fe;C and Fe,0; to activate PDS were weaker than that of the
Fe’ component,” thereby implying that the high catalytic
activity of the FJH-derived composites could be mainly
attributed to the presence of Fe’, which plays an important
role in PDS activation.”® Moreover, the instantaneous ultrahigh
temperature achievement and electric stripping effect resulting
from the ultrahigh current employed during FJH treatment
(Figure SS) led to the efficient breakage of the Fe—O bonds to
generate the active Fe’ sp(ecies.27’28

To further investigate the high reactivity of the FJH-derived
composites, XANES and EXAFS analyses were performed on
the FJH- and pyrolysis-derived composites produced by the
H,C,0, leaching pathway. The XANES spectrum of FeC,0,—
FJH presented in Figure 3a shows that the position of the
rising edge was located between those of Fe foil and FeO,
indicating that the average oxidation state of Fe in FeC,0,—
FJH lied between Fe® and Fe®". Notably, the position of the
rising edge in the XANES spectrum of FeC,0,—PY was
located between those of Fe;O, and Fe,Oj3, suggesting that the
average oxidation state of Fe in FeC,0,—PY was between
those of Fe®* and Fe?* (Figure 3a). These results indicate that
Fe;O, was the main Fe species in the pyrolysis-derived
composites, whereas Fe’ dominated in the FJH-derived
composites, which was also confirmed by XRD analyses.
Additionally, the Fourier transform k’-weighted extended
EXAFS results and fitting spectrum obtained for FeC,0,—
FJH indicated the existence of Fe—Fe bonds with a distance of
2.87 A, which is similar to the Fe—Fe bond distance in Fe foil
(2.85 A; Figure 3b and Table S1). Compared to those of the
Fe,O; and Fe;0, standards, the O coordination number of
Fe—O in the first shell of FeC,0,—FJH was reduced from 6 to
2, and the Fe coordination number of Fe—Fe in the second
shell (bond distance = 2.87 A) decreased to 3. These
observations confirm that the partial cracking of the Fe—O

bonds occurred at ultrahigh temperatures during FJH treat-
ment to form low-coordinated Fe’ component, thereby
favoring electron transport.””*® In contrast, only Fe oxides
were fit to the spectrum of FeC,0,—PY, indicating the
difficulties associated with Fe—O bond breakage under the
lower-temperature pyrolysis conditions employed herein
(Figure S6). A comparison of the wavelet transform images
of FeC,0,—FJH and FeC,0,—PY also implied breakage of the
Fe—O bonds and the existence of low-coordinated Fe—Fe
bonds in the FJH-derived composites (Figures 3c,d and S7).
Overall, these data confirm that low-coordinated Fe? structures
have positive effects on the catalytic performance of the FJH-
derived composites.

Furthermore, the results of TEM combined with elemental
mapping showed that Fe was uniformly dispersed as
nanoparticles in the FeC,0,—FJH sample (Figure 3e,f). This
was mainly attributed to the instantaneous ultrahigh temper-
ature achievement and electric stripping effect of FJH
treatment, which prevents metal agglomeration and promotes
nanoparticle formation during ultrafast cooling.’"** In
addition, FJH treatment was found to enhance the
graphitization of the carbon substrate (Figure S8), which led
to faster electron transfer for higher CAP degradation
efficiency.”® In contrast, the carbon substrate of the
pyrolysis-derived composite exhibited a lower graphitization
degree owing to the low temperature and absence of the
electric stripping effect (Figure S9). Thus, it can be inferred
that the low-coordinated Fe’ nanoparticles in FJH-derived
composites may activate PDS to a greater extent than
pyrolysis-derived composites, thereby enhancing CAP degra-
dation.

Mechanism of CAP Degradation by FJH-Derived
Composites. The mechanism of CAP degradation by PDS
in the presence of the FJH-derived composites was
subsequently evaluated. As presented in Figure S10, a removal
efficiency of ~96.6% was obtained for the FeC,0,—FJH and
FePO,—FJH specimens, while a similar removal efficiency of
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Figure S. Continuous device for large-scale fabrication of the FJH-derived composites via automated production.

~91.1% was achieved for the Fe;O,—~FJH sample. As expected,
the FJH-derived composites exhibited higher CAP removal
efficiency than the Fe-based composites prepared by conven-
tional methods®* >’ (Figure 4a), thereby indicating that FJH
treatment is a promising method for upgrading Fe-enriched
residues.’* ™’

EPR spectroscopy was performed to identify the surface-
bound radicals present in the reaction system,® with only
SO,*” and *OH being detected (Figure S11). A series of
quenching experiments were also conducted to identify the
contribution of reactive oxygen species (ROS) to the CAP
degradation process and explore the reason for the enhanced
activities demonstrated by the FJH-derived composites.”” As
shown in Figure S12, surface-bound SO,*~ and *OH species
were regarded as the main ROS present during the CAP
degradation process catalyzed by the FJH-derived composites.
In addition, the CAP degradation efficiency was found to be
positively correlated with the SO,*~ and *OH concentrations
(Figure 4c,d),"”*" further confirming the active role of these
species during CAP degradation. Furthermore, the *OH and
Fe®" concentrations were found to be positively correlated with
one another (Figure S13), implying that Fe** could be
produced by oxidation of the low-coordinated Fe® species,
resulting in CAP degradation.25 Thus, the low-coordinated Fe®
present in these composites plays a key role in the degradation
of CAP via PDS activation.

Finally, a series of realistic parameters were used to
investigate the practicability of the FJH-derived composites.
As shown in Figure S14, FeC,0,—FJH exhibits satisfactory
performance over a wide range of pH values, catalyst dosages,
and PDS concentrations. In addition, the FJH-derived
composites exhibited high removal efficiency for the direct
reduction of bromate and fluorfenicol due to the presence of
low-coordinated Fe’ components (Figure S15). Consequently,
FJH treatment was identified as a promising method for the
treatment of SLICs to provide useful active compounds.

Environmental Implications. FJH treatment has emerged
as a promising method for upgrading Fe-enriched residues
from Li leaching of SLICs. The instantaneous FJH process
induced Fe-enriched residues into composites with active low-
coordinated Fe® species, thereby overcoming the limitations of
the conventional pyrolysis method. Thus, the resulting FJH-
derived composites promoted PDS activation to produce ROS
and enhanced the removal efficiency of CAP. Furthermore, the
energy consumption of conventional pyrolysis was 34 times
higher than that of FJH treatment, which was presented in a
previous study.”’ Notably, a continuous device for the
automated production of the FJH-derived composites was
developed (Figure S), including transmission, mechanical
transfer, and reaction functions, wherein the robot arm

continuously transferred the raw material from the loading
area to the reaction area. This unit can be further scaled up to
achieve factory-scale production efficiency for the large-scale
and low-energy production of composites for industrialization.
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