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Development of catalytic zero-valent iron
incorporated PAN catalytic film for
efficient degradation of organic matters

Check for updates

Yi Yang1,2 , Haowen Lin1, Yuxi Long1, Ying Mei3 & J. Paul Chen 4,5

Catalytic films work well in degradation of organic matters. However, catalytic activity and stability of
films are challenging factors. A nanoscale zero-valent iron (NZVI) incorporated porous PAN fiber (Fe-
PAN) filmwas thusdeveloped through aone-step cryogenic auxiliary electrospinningmethod. The Fe-
PAN film overcame the problem in the traditionalmultistep preparation process. The excellent intrinsic
properties of the polymer in the film were maintained. It exhibited high catalytic activity (> 95%
conversion in just 4 min) and excellent stability and reusability, due to the synergistic interaction
betweenPANandNZVI. The degradation processwas optimized by theBox-Behnken design, leading
to the optimal condition: pH = 2.8, temperature = 56 °C, and oxidant concentration = 4.2 mmol/L. The
degradation followed the 2nd order kinetic equation and was due to the reactions by ·OH and O2

-·
radicals. This study demonstrates the great potentials of the Fe-PAN film for industrial applications.

Organic contamination has caused various environmental problems.
Traditionally, it is treated by activated sludge process; however, it does
not work well when the organic concentrations are at the lower levels
(e.g., <50 mg/L Chemical Oxygen Demand (COD)). As such, adsorp-
tion, advanced oxidation process (AOP), membrane filtration, and ion
exchange are commonly used for solving the problem. The hetero-
geneous catalytic wet peroxide oxidation (CWPO) technology has
attracted great attentions due to its simplicity in operation and low
operational cost1,2.

Among several heterogeneous catalysts, nanoscale zero-valent iron
(NZVI) has shown its advantages: low cost, environmental-friendliness and
high efficiency3,4. However, the technology has a few problems: easy oxi-
dation on surfaces and difficulty in separation. Decrease in catalytic effi-
ciency, loss of NZVI and secondary pollution are commonly reported5.

One of the most effective solutions is to load NZVI onto stable porous
substrate(s). Polymeric fiber films are suitable due to strong resistance to
corrosion, excellent mechanical strength, ease in modification, good duc-
tility and high voidage6,7. The abundant π electrons in polymer(s) lead to
strong electrostatic effects to bind iron nanoparticles with the conjugated
structures. The synergistic interaction between the nanoparticles and the
fibers would lead to the enhancement in both catalytic activity and stability
than inorganic catalysts8,9.

Electrospinning is an innovative technology to fabricate polymer fiber
films that can perform well in separation and reactions10–12. The structural
characteristics (e.g., diameter, pore size, porosity and thickness) can be
better controlled and achievedby adjusting the operational parameters (e.g.,
voltage). However, the traditional methods to combine metal based mate-
rials and films often have multistep, such as hydrothermal processes, redox
reactions, calcination and surface modification. These steps make the pre-
paration process time-consuming and costly13. Additionally, such approa-
ches may lead to uneven distribution of active component(s), decrease in
catalytic efficiency, low mechanical strength and damage to polymer
structure8. The interactions between the nanoparticles and the fibers are
generally weak, causing nanoparticle leakage, fast deactivation and hence
secondary contamination14.

Catalytic activity and stability of catalytic film are two key factors in
performance in the operations15.High stability is always accompaniedby low
activity. In this study, we developed an innovative electrospinning approach
to fabricate a stable and efficient water treatment material combined with
NZVI and fiber (film). The thermally induced phase separation (TIPS)
methodwasused to fabricatematerial that is anticipated tohavehigh stability
and porosity. The polymers with different solubilities interacted with the
solvent(s) at different temperatures. A high freezing rate can therefore be
achieved and the low freezing temperature can lead to formation of fibers
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with more porous fibrous structures16. Briefly speaking, the NZVI was
entrapped inside of porous PAN fiber prepared through a one-step elec-
trospinning technique assisted by liquid nitrogen. Therefore, a highly porous
NZVI incorporated PAN fiber film (Fe-PAN) can be produced.

The main objectives of this study were: (1) to synthesize and char-
acterize thenovel Fe-PANcatalyst; (2) tooptimize reaction conditionsof the
CWPOover Fe-PAN, inwhichmethylene blue (MB)was chosen as amodel
organic compound due to its higher toxicity and wide applications17–19; and
(3) to investigate reaction mechanism(s) and confirm the roles of reactive
oxygen species (ROS) on the degradation as well as monitor the catalyst
structural evolution.

Results and discussions
Structural characterization
An inverse relationship typically exists between catalytic activity and sta-
bility for traditional catalytic films15. For the nano-metals loaded films, a
higher contact efficiency between the surface-active component can initially
be achieved. However, agglomeration may occur and reduce the utilization
efficiency of nano-metals. Additionally, the weak interaction between the
nanometals and the polymer fiber leads to severe detachment of nano-
materials andmetal leakage, causing rapid catalyst deactivation and the risk
of secondary pollution.

For the films with entrapment of nano-metals, coordination and
complexation between nano-metals and polymers improve the stability of
composites. However, the contact efficiency and mass transfer between
reactants and the entrapped nano-metals are affected. This problem can be
solved by the unique structure of Fe-PAN as shown in Fig. 1, in which the
entrapped NZVI and porous PAN fiber were combined to ensure the cat-
alyst stability and contact efficiency simultaneously.

The advanced 3D network structure of Fe-PAN was shown in Fig. 1b,
which played a key role in decreasing external diffusion resistance of
pollutant20. The surface and internal structures of the Fe-PAN and C-Fe-
PAN were shown in the figures. In Fig. 1d, e, the formation of porous
structures canbe seenon the surface and in the interior of theFe-PANfibers.
These unique porous structures effective reduced the internal diffusion
resistance during reactions and allowed the reactants to easily penetrate the
fibers. Figure 1f suggested that the NZVI particles were successfully incor-
porated inside the fibers. As a result, the reaction efficiency between the
reactants and NZVI was strongly improved by simultaneous strengthening
of both internal and external diffusion of the reactants. For C-Fe-PAN, the
cross section shows that the fiber was solid inside, and the fibrous surface
was smoothandcontinuous as shown inFig. 1g, h. In thisway, thepollutants
cannot sufficiently connectwith theNZVI inside, thus affecting the reaction
efficiency.

Fig. 1 | Structure of Fe-PAN samples. aTexture of pure PAN fiber, (b) three-dimensional structure of Fe-PAN, (c) photograph of Fe-PAN, (d) and (e) texture of Fe-PAN, (f)
inner structure of Fe-PAN, (g) and (h) texture of C-Fe-PAN and (i) inner structure of C-Fe-PAN.

https://doi.org/10.1038/s41545-024-00333-6 Article

npj Clean Water |            (2024) 7:38 2



During the cryogenic auxiliary electrospinning, the rapid evaporation
of solvent led to the solidification of fiber, and the remaining solvent
became frozen with the polymer as soon as the precursor reached the
collector, and the TIPS process occurred21. A large temperature gradient
significantly improved the driving force in the phase separation. Simul-
taneously, phase separation into solvent-rich and solvent-poor regionswas
induced22. The polymer-rich regions vitrified due to the low temperature
below its glass transition temperature. As a result, the solvent evaporation
rate becamedifferent, and the porous structurewas obtained after drying23.
During the electrospinning process, NZVI was simultaneously incorpo-
rated into the PAN fiber, and the porous Fe-PAN fiber could be synthe-
sized in one step.

The SEM results showed that the diameter of the Fe-PAN was
approximately 500-1000 nm, which was larger than that of the pure PAN
fiber (200-300 nm). The entrapped NZVI led to an increase in the fiber
diameter24. According to previous research, an increase in thefiber diameter
would lead to an increase in the average pore size25. However, the average
pore size of Fe-PANwasmuch smaller than that of themodified PAN fiber,
indicating that cryogenic auxiliary electrospinning was helpful for devel-
oping fibers with abundant nano-mesopores.

The TEM images (Fig. 1f, i) and EDSmapping (Supplementary Fig. 1)
confirmed that NZVI was successfully entrapped inside the PAN fiber. The
density was 3.2×1010 and 2.2×1010 particle/μm3 for Fe-PAN andC-Fe-PAN,
respectively. The density ofNZVI in Fe-PANwas 30% larger than that inC-
Fe-PAN. The increase in the polymer conductivity under ultracold condi-
tion was beneficial for the entrapment of NZVI26,27. The shorter distance in
Fe-PAN between the NZVI particles increased the local catalyst con-
centration and the contact efficiencyduring the reaction, and thus improved
the reaction rate. After the reactants penetrated the Fe-PAN fiber, a con-
fining effect occurred28 to increase the reaction driving force and contact
efficiency. A large number of reactive oxygen species (ROS) were generated
and fully consumed to reactwith the pollutants. The catalytic efficiencywere
thus significantly improved29, and the destruction effect of ROS towards the
polymer fiber was reduced to extend the catalyst service life30.

Supplementary Fig. 2 showed the AFM images of Fe-PAN. The aver-
aged surface roughness of Fe-PANwas 21.2 nm,whichwas smaller than the
commonly reported modified PAN fiber (about 30–50 nm)31. In this study,
the one-step porous Fe-PAN synthesis method avoided the surface
destruction in traditional multiple-step preparation32. As a result, the sta-
bility and mechanical strength were significantly improved.

The hierarchical porosity of Fe-PAN was determined by the study on
the N2 adsorption-desorption isotherm with the result given in Fig. 2a. A

typical type II standard isotherm is observed, indicating the existence of
macropores in the developed three-dimensional network structure33,34.
Macroporespromoted the transfer of reactants from the bulk solution to the
catalysts and the release of byproducts on the surface35,36. The catalytic
efficiency was therefore improved and surface coke formation was avoided.
The isothermshowedahysteresis loopathighP/P0,making it similar to type
IV37 and indicating the existence of mesopores with a narrow size
distribution38, which enhances the contact efficiency between the internal
NZVI and the reactants39.

The BJHpore size distributionwas shown in Fig. 2b. The pore width in
Fe-PAN was mainly within 20–50 nm. The BET surface area (SBET) of Fe-
PAN (1.48m2/g)was slightly higher than the typical electrospunPANfibers
(0.1–1m2/g) and similar to that ofC-Fe-PAN (1.33m2/g).However, its SBET
was smaller than that of PAN fibers modified by calcination, hydrothermal
treatment or alkali treatment. An increase in diameter of Fe-PANdue to the
NZVI coating led to a decrease in the SBET

25. Unlike the commonmodified
PAN fiber, the evenly dispersed nano-meso pores in Fe-PAN catalytic film
help greatly to protect the NZVI from leaching.

As shown in Supplementary Fig. 3, the contact angle of the Fe-PAN
filmwas larger than90°, indicatingpoorwettability.However, thePANfiber
was hydrophilic, and the penetration of organic pollutant into the fiber was
not affected. The film still showed excellent pollutant degradation ability in
the CWPO reaction (to be discussed later). Additionally, hydrophobic films
are beneficial for film contactor applications such as membrane distillation.
Hence, the Fe-PAN film may achieve catalytic degradation and distillation
simultaneously in one process.

Good balance should be sought between catalytic degradation and
water flux. The catalytic performance can be improved by increasing the
film thickness. However, it would lead to a sharp decrease in water flux,
causing lower treatment efficiency and an increase in time and cost. On the
other hand, an increase inwaterflux is usually accompanied by a decrease in
catalytic efficiency due to insufficient residence time for organic con-
taminant(s). As a result, it is necessary to prepare catalytic films with high
catalytic efficiency and water flux40.

The water flux (Jw) of Fe-PAN filmwas tested with the finding given
in Supplementary Fig. 4. The average Jw of Fe-PAN was 1361.5 m-2 h-1

bar-1, which far exceeded that of reported catalytic films for MB degra-
dation (1.3–123 times higher) as listed in Supplementary Table 1. The
high Jw indicated a great water permeation ability of Fe-PAN. Addi-
tionally, Fe-PAN also showed higher efficiency inMB degradation (later
discussed). The unique three-dimensional network structure of Fe-PAN
ensured superior water flux, while better contact efficiency and

Fig. 2 | Study of physical properties of Fe-PAN. a N2 adsorption-desorption isotherm; (b) pore width.
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synergistic interaction between PAN and NZVI contributed to greater
catalytic performance.

Optimization of degradation process
The CWPO reaction process driven by Fe-PAN was optimized by a
three-level Box–Behnken design. The effects of selected independent
variables of pH (A), temperature (°C) (B) and oxidant (H2O2) con-
centration (C) on the responses (degradation efficiency, expressed by
MB removal of C/C0) were evaluated. This design is suitable for the
derivation of second-order polynomial models to depict the effects of
different independent factors on the dependent response41. The
experimental ranges and levels of the independent test variables were
given in Supplementary Tables 2, and 17 experiments were conducted
(Supplementary Table 3).

The results of analysis of variance (ANOVA) were shown in Supple-
mentaryTable 4 so as to verify the significance andadequacyof themodel.A
high determination coefficient (r2) value of 0.99 indicated a good correlation
between the experimental and predicted values of the fitted data in the
model, as shown in Supplementary Fig. 5. The predicted r2 value of 0.82was
in reasonable agreement with the adjusted r2 value of 0.97, as the difference
was less than 0.2. The Adeq Precision was 26.409 (far above 4), suggesting
the great suitability ofmodel to navigate the design space. Fisher’s F-test was
used to verify the statistical significance of model. TheModel F-value (ratio
of mean square regression to mean square residual) was 67.15 with a
p value < 0.0001, implying that the model was significant42.

The significance of the model terms can be verified by the value of
“Prob > F”, which indicates a significant model term when it is less than
0.050043. In the design, A (pH), B (Temperature), AB, A2, and B2 were
significant model terms. The values greater than 0.1000 indicated insignif-
icantmodel terms, suggesting that oxidant concentration had little effect on
MB removal. This result was consistent with previous research on reaction
over zero-valent iron (Fe0)44.

Through the simulation, the equations in terms of coded and actual
factorswere obtained and thereforewereused tomakepredictions about the
response as shown in Eqs. (1) and (2), respectively. The coded equation is
useful for identifying the relative impact of the factors by comparing the
factor coefficients. For the actual factors, the levels of each factor should be
specified in the original units.

X ¼ 0:47þ 0:31×A� 0:055 ×B� 0:011×C� 0:061×AB

�0:030×AC� 0:013×BC

�0:14×A2 þ 0:076×B2 þ 0:039×C2

ð1Þ

X ¼ �0:47þ 0:36 ×A� 0:016×B� 5:56× 10�3 ×C� 1:16 ×

10�3 ×AB� 2:02× 10�3 ×AC

�1:50× 10�4 ×BC� 0:16 ×A2 þ 2:47× 10�4 ×B2 þ 1:56

× 10�3 ×C2

ð2Þ

Equation (1) shows that the effect of pH (A) was the most significant
while that of oxidant concentration (C)was neglected. Supplementary Fig. 6
shows the influence of one factor with the values of the other two variables
fixed at the center point. Both pH and temperature showed an effect on the
reaction at a low coded level and then stabilized at a high level. The positive
surface of the catalyst under low pH was less beneficial for the degradation
due to the electrostatic repulsionwith cationic dye45–47. Even so, the Fe-PAN
film still exhibited high reaction efficiency at lowpH. Strong acid conditions
favored the generation of oxidative radicals from H2O2

48,49 and the capture
ability of PAN fiber towards them50. Additionally, at low pH, the formation
of less oxidative iron species, such as oxyhydroxides and Fe(OH)2+, was
prevented51,52, and the oxidation ability of ·OH was enhanced48. It is worth
noting that very smaller Fe leakage was detected during degradation, con-
firming the stability of Fe-PAN.

With an increase in temperature, the MB residual concentration first
decreased and then remained stable. As the temperature was increased, the

conversion of H2O2 into oxidative radicals played a dominant role due to
strong electron donation ability and high electronmobility of Fe-PAN53.On
the other hand, at a higher temperature, the greater decomposition of H2O2

into H2O and O2 and the scavenging reactions of ROS strongly affected the
MB degradation54. These factors determined the overall degradation of
MB55. A moderate temperature would lead to the better degradation.
Additionally, the interaction of pH and temperature (factor AB) is sig-
nificant and has a negative impact on the response.

Figure 3 depicted the 3D surface plot and Supplementary Fig. 7 showed
the 2D contour plot for the combined interaction of different factors on the
CWPOprocess. Figure 3a and Supplementary Fig. 7a showed that the worst
efficiency occurred at a high pH and a low temperature. Figure 3b and

Fig. 3 | 3D surface of interactive effect of different factors. a temperature and pH,
(b) oxidant concentration and pH and (c) temperature and oxidant concentration.
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Supplementary Fig. 7bdemonstrated that the effect of pHwasmore efficient
than that of oxidant concentration; the variation of response was just little
while the oxidant concentrationwas changed, especially at lowpH. InFig. 3c
and Supplementary Fig. 7c, the contour line of the response was oval,
indicating that the reaction efficiency increased first and then decreased for
both factors (temperature and oxidant concentration)56. The optimum
conditions for MB degradation were determined through the simulation:
pH= 2.8, temperature = 56°C and oxidant concentration = 4.2mmol/L; the
predicted C/C0 was 0.04.

Mechanism analysis
The interference of adsorption on the degradation was excluded by a con-
trolling experiment that was conducted in the absence of H2O2; only less
than 10%removalwas observed. Additionally, the control experiments over
the pure PAN and C-Fe-PAN films were conducted, respectively. The
results (Supplementary Fig. 8) showed that the pure PAN film had no
obvious MB removal (<10%), and the C-Fe-PAN film took over 20min to
reach the similar degradation efficiency under the same conditions. The
findings indicated that the entrapped NZVI played an important role in
the degradation; the porous structure of Fe-PAN helped greatly to improve
the degradation efficiency, which was in line with the results from the study
on the structure characterization of Fe-PAN.

Additionally, the catalytic degradation of methyl orange and methyl
blue were studied. The results showed that both methyl orange and methyl
blue could effectively be degraded (above 90%, data not shown), suggesting
the ideal degradation ability of thefilm.Due to the representativeness ofMB
as an environmental pollutant with high stability and refractory, it was
chosen as a model compound to further analysis the mechanism of the
CWPO reaction(s).

As shown in Fig. 4a, the highest degradation efficiency (90%) was
observed at 50 °C at the end of 2-min contact. This is consistent with the
findings from the optimization study, which demonstrated that a moderate
temperature was the most beneficial for the degradation. As discussed
above, the increase in temperature led to the acceleration of H2O2 degra-
dation into both active radicals and H2O/O2. Such inverse influence would
significantly affect the degradation55. Due to the unique functionality of the
Fe-PAN, the degradation could reach over 90% in 4min under all tem-
peratures. Supplementary Table 5 shows that the Fe-PAN greatly outper-
formsmany reported CWPO catalysts as the Fe-PAN only took 20–30min
to reach the degradation.

At the concentrations ranging from 10 to 70mg/L, C/C0 decreased to
less than 0.2 in 2min and to less than 0.1 in 4min as shown in Fig. 4b.
Typically, the degradation efficiency becomes lower with an increase in
reactant concentration due to the constraint of reaction rate. However, the
degradation efficiency in this study was not affected by the increased

reactant concentration due to the generation of radicals according to
Eqs. (3)–(6) as well as favorable mass transfer property.

Fe0 þO2 þ 2Hþ ! Fe2þ þH2O2 ð3Þ

Fe2þ þH2O2 ! �OHþOH� þ Fe3þ ð4Þ

Fe2þ þO2 ! Fe3þ þ O�
2 ð5Þ

Fe3þ þH2O2 ! Fe2þ þ 2Hþ þO�
2 ð6Þ

The degradation was greatly controlled by the radicals; the diffusion
resistance was minimized by the hierarchical nano-mesoporous structure
and the advanced network structure of the Fe-PAN film. From the TEM
results, the entrapped NZVI dispersed evenly inside the Fe-PAN and pro-
vided sufficient active sites. The confining effect provided a high contact
efficiency between the reactants and the NZVI. At the same time, the frost
crack of the NZVI surface oxide layer that was caused by the cryogenic
process led toahigher electron transfer efficiency between theNZVI and the
reactants.

At low contaminant concentrations, the scavenging reactions occurred
according to Eqs. (7)–(9), which led to lower radical utilization. When the
initial concentrationwas increased, theutilizationof radicals increased anda
high degradation efficiency was maintained.

2 � OHþH2O2 ! O2 þ 2H2O ð7Þ

2 �OH ! H2O2 ð8Þ

Hþ þ O�
2 þ �OH ! O2 þH2O ð9Þ

However, when the MB concentration was increased to 160mg/L,
C/C0 decreased to 0.5 in 2min, and 90%degradationwas achieved in 6min.
AhighMBconcentrationmight have covered the active sites and resulted in
less radical generation57,58, leading to a lower degradation rate.

The CWPO of MB over Fe-PAN fitted the 2nd reaction kinetics
equations better (r2 = 0.98) than the 1st reaction kinetics equation, although
in previous reports the reaction should obey the 1st reaction44,59. This finding
indicated that the Fe-PAN changed the degradation kinetics compared to
the traditional catalysts. The confining effect led to more effective collision
between the reactants34, making the process to follow the 2nd order reaction
kinetics, inwhich the availability of the active siteswas the controlling factor.

The ROS with key components as ·OH andO2
-·play an important role

in the CWPO59,60. To verify their involvement in the degradation, isopropyl

Fig. 4 | CWPO reaction over Fe-PAN. Effects of (a) temperature and (b) MB concentration.
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alcohol (IPA) and p-benzoquinone (p-BQ) were selected for trapping the
·OH and O2

-· species, respectively (k2;p�BQ=O�
2
· = (0.9–1.0) × 109M-1·s-1, k2,

IPA/·OH = 2.3 × 109M–1·s–1)61,62. As shown in Table 1, the presence of IPA
(scavenger for ·OH) caused theMBdegradation to decrease from99 to 47%.
The addition of p-BQ (scavenger forO2

-·) further decreased the degradation
to 17%. The kinetic constants of both 1st (k1) and 2nd (k2) equations also
decreased significantly and followed the descending sequence of Non sca-
venger > IPA > p-BQ.

The generation of ·OH and O2
-·in the CWPO over Fe-PAN was

through: (1) the cycle of Fe(II)/Fe(III) as illustrated in Eqs. (3) to (6); and (2)
the radical chain transfer process of peroxide shown in Eq. (10)59,63.
Although the scavengers significantly influenced the MB degradation, they
did not fully consume ·OH and O2

-· likely due to two reasons: (1) the ROS
generated through liquid-solid reactions were partially adhered to the Fe-
PAN surface and can hardly be totally cleaned up by the scavengers; (2) the
confining effect made the ROS not well available in the solution. The ROS
reactedwith theMBright after their generation fromtheFe-PANfibers.The
findings demonstrated that both ·OH and O2

-· were effective for the
degradation of MB, and furthermore the role of O2

-· was more dominant.
The degradation is essentially the Fenton-like reaction, similar to other
systems reported28.

�OHþH2O2 ! O�
2 � þH2OþHþ ð10Þ

To obtain deeper insight into the degradation mechanism, several
cycling runs of Fe-PANwere conducted. The solution after the CWPOwas
collected and testedbyHPLC inorder to study themineralizationofMB.No
muchby-product was detected after theCWPO, suggesting an achievement
of the excellent removal of MB through mineralization and/or adsorption.
The results given in Supplementary Table 6 showed that the MB could
totally be degraded in each cycling run, but the time needed increased
significantly from3 to 75min. The total iron losswas less than 2mg/L (1.9%
of the total iron loaded), and even after a long-term degradation, the dis-
solved iron concentration was only 2.75mg/L (2.6% of the total iron loa-
ded), indicating that the iron leakage was not the cause of the lower
efficiency.

The structural change of theFe-PANwas therefore studied so as tofind
out the relationship between catalyst structure and degradation perfor-
mance. SupplementaryFig. 9 showed the surface texture of theFe-PANfiber
before each cycling run (R1 to R5 corresponding to the 1st to the 5th run,
respectively). As the number of runs for reuse increased, the amount of
deposited product on the surface of fiber increased, which was ascribed to
the deposition of theMB.Although theMBwas almost completely removed
from the solution, some incompletely degraded by-product (and even MB
that was not degraded) might have been adsorbed and attached on the
catalyst64. As a result, the nano-mesopores on the Fe-PAN fiber became
gradually blocked. The blockage decreased the contact efficiency between
active NZVI andMB. The Fe-PAN became rougher as the number of reuse
runs increased. Such would lower the mechanical strength of the catalytic
film and shorten the service life. In Supplementary Fig. 9e, the byproducts
even agglomerated and became a kind of “hard coke”65 attached to the Fe-
PAN fiber, further reducing the degradation efficiency.

In the XRD spectra given in Fig. 5a, the characteristic peak of the 110
crystal face of Fe (06-0696, 2θ = 44.5°) was shown. No obvious change was
observed after the reuse, proving its stability during the degradation. The
peak around 2θ = 20°, which was ascribed to the PAN, showed a shift in the

diffraction angle and exhibited changes in shape due to the decomposition
of the organic matter (as shown in Supplementary Fig. 9) and the structural
change during the degradation.

To identify the structural change in Fe-PAN, FT-IR and XPS were
further conducted. In FT-IR spectra shown in Fig. 5b, the characteristic
peaks of PANcould be observed in Fe-PANsamples for every cycling run.A
new peak at approximately 800 cm-1 appeared after the first run and gra-
dually became stronger. This peak corresponded to the Fe-O stretching
vibration66, indicating the formation of an oxide layer on the active NZVI.
As the number of cycling times was increased, the oxide layer became
thicker and increased the resistance of electron transport between theNZVI
and the reactants. As a result, the oxide layer formation counteracted the
benefits of the NZVI frost crack effect and affected the catalytic activity52.

The wide-scan XPS study with the results given in Supplementary
Fig. 10 demonstrates that the peak intensity of O1s increased as the number
of cycling was increased, while the intensity of N1s decreased significantly.
Supplementary Table 7 showed that the atomic concentration ratio of
C1s/O1s decreased (from 15.0 to 5.1) with cycling time. It can be ascribed to
the fabrication of hydroxyl groups on the Fe-PAN fiber during the degra-
dation, which was illustrated in the high-resolution spectra of C1s give in
Fig. 5c. Three fitting peaks were observed for the Fe-PANbefore the 1st and
2nd run, which were ascribed to C-H and C-C (284.8 eV)67, C-Fe
(285.2 eV)68 and C≡N (286.0 eV)68, respectively. After the 2nd run, a peak
corresponding to C-O (288.2 eV)33,69 appeared. The peak corresponding to
C≡Ndecreased significantlywith cycling times, and all the peaksmoved to
a lower binding energy.

Figure 5d showed the high-resolution spectra of O1s. Each spectrum
was fitted into two peaks, corresponding to the surface-adsorbed H2O
(533.3 eV) and the fabricated hydroxyl group (531.8 eV), respectively70.
Similar to the C1s spectra, the peaks in theO1s spectra alsomoved to a lower
binding energy. From the XPS results, it can be derived that the C≡N
groups in Fe-PAN were replaced by oxygen-containing groups (such as
hydroxyl groups). The C≡N groups in the PAN structure provided rich
π electrons and showed a strong electronic effect with NZVI. These π
electrons showed ligand-metal charge transfer (LMCT) effect with the
NZVI and strengthened the electron transfer ability during reaction53. This
effect enabled the electrons on the catalysts to transfer to the reactants faster
and more efficiently, thus improving the catalytic reaction efficiency71.

After the C≡Ngroups were replaced, LMCT effect was weakened and
theNZVI becamepassivated gradually9. The decrease in the catalytic activity
can therefore be ascribed to three mechanisms: the block of the nano-meso
pore, the oxidization of theNZVI and the film structure change (decrease of
the C≡N groups). Although the structure of the Fe-PAN film changed, it
still showed ideal degradation ability compared to reported catalytic films as
shown in Supplementary Table 1. As a result, it can be concluded in terms
of catalytic ability that, the film showed excellent stability and reusability.

Methods
Fe-PAN preparation
The reagents and materials used in this study are listed in Supplementary
Text 1. The preparation process of Fe-PAN catalytic film is demonstrated in
Fig. 6a and summarized as follows. 100-g/L PAN and 4-mmol/L TOAB
(Tetra-n-octylammonium bromide) were dissolved in DMF; NZVI
(Shanghai Macklin Biochemical Co., Ltd, diameter = 50–100 nm, purity =
99.9%) was added to the mixture with the mass ratio of NZVI: PAN= 0.35
and stirred at 200 rpm for 6 h. Ultrasound treatment was then applied for
30min to evenly disperse the NZVI and obtain the homogeneous
suspension.

The porous Fe-PAN fiber was obtained by the cryogenic auxiliary
electrospinning that is illustrated in Fig. 6b and was operated under the
following conditions: voltage =+10 kV, solution flow rate = 0.1mm/min
and acceptor distance = 4 cm. During the electrospinning, the acceptor was
filled with liquid nitrogen. After the electrospinning, the film precursor was
freeze-dried for 9 h to obtain Fe-PAN. For comparison, another Fe-PAN
film was also prepared by conventional electrospinning (controlled

Table 1 | Effects of scavengers on CWPO of MB

Scavenger k1 (min-1) r12 k2 (mg-1·L·min-1) r22 Degradation
efficiency (%)

Non 0.54 0.89 0.44 0.98 99

IPA 0.024 0.96 0.0032 0.96 47

p-BQ 0.0036 0.97 0.00040 0.98 17
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Fig. 5 | Structural change of Fe-PAN sample in each cycling run. a XRD spectra, (b) FT-IR spectra, (c) XPS C1s spectra and (d) XPS O1s spectra.

Fig. 6 | Illustration of Fe-PAN synthesis. a process
flowchart; (b) schematic diagram of cryogenic aux-
iliary electrospinning.
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Fe-PAN, hereinafter cited as C-Fe-PAN) without cryogenic acceptor and
freeze-dry. The characterization methods are described in Supplementary
Text 2.

In the conventional electrospinning, fiber becomes evenly solidified
immediately after reaching the acceptor. In this study, due to the ultra-cold
surrounding provided by the cryogenic acceptor, the electrospinning solu-
tion was divided into solvent-rich and solvent-poor regions and was con-
trolled at lower temperature along with the polymer by the TIPS process.
Due to the inhomogeneity of the polymer distribution, the porous structure
was easily obtained right after drying without furthermore steps.

CWPO over Fe-PAN
The study on CWPO reactions over Fe-PAN was carried out in a batch
reactor under atmospheric pressure. The control experiments with C-Fe-
PAN as catalyst were also conducted. Typically, 0.4-g/L Fe-PAN was
added to 10-mg/L methylene solution (pH = 3) with 2-mmol/L H2O2 for
10min. The detailed experimental processes were described in Supple-
mentary Text 3. The effects of temperature (25–60 °C) and initial MB
concentration (10 to 160mg/L) on CWPO reaction over Fe-PAN were
studied. Themineralization ofMBwas analyzed by the high-performance
liquid chromatography (HPLC) on an Agilent 1100 HPLC with a C18
column (100mm× 2.1mm, 3 μm). The mobile phase was a mixture of
acetonitrile (A) and formic acid solution (1‰) (B) (0-7 min:
VA:VB = 90:10, 7-9min: VA:VB = 8:92) with the flow rate of 0.3-mL/min
and the injection volume of 4-μL. The reaction mechanism was investi-
gated by studying the ROS and the film structural evolution during
reaction.

The Box-Behnken design (BBD) study was carried out with three
factors to analyze the relationship between the response (C/C0) and three
independent variables (pH, temperature and oxidant concentration).
Seventeen runs were conducted to optimize the operational conditions for
the degradation of organics. The effects of combined three factors can be
expressed by the following second-order polynomial:

Y ¼ a0þΣaiXiþΣaiiX
2
iþΣaijXiXj ð11Þ

where Y is the predicted response; a0 is the constant coefficient; ai and aii are
the linear and quadratic coefficients, respectively; aij is the interaction
coefficient; and Xi and Xj are the coded or actual independent variates.

Furthermore, the catalytic degradation of two different dyes (methyl
orange and methyl blue) were studied so as to confirm the degradation
performances and better understand the suitability of Fe-PAN for other
types of wastewater. The experimental conditions were set as follows:
0.4-g/L Fe-PAN, 10-mg/L pollutant concentration, pH = 3, 2-mmol/L
H2O2, room temperature, and 10-min reaction time.

Data availability
The data in this paper can be available upon a written official request to the
corresponding authors for non-commercial applications.
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