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A multitude of heteroatom-doped carbon adsorbents have been explored to cope with ever-growing
organic pollution. However, development of these advanced carbon materials with adequate activity and
stability remains challenging. Herein, unique 3D cage-like magnetic N-doped Fez0,@C adsorbents were
rationally constructed by a one-step pyrolysis of Prussian blue@yeast (PB@yeast) bio-templates. By using
yeast as an available biological support, the prepared FesO,@C hybrids were demonstrated to provide
a sufficient number of Fe, N and C atoms for the novel cage-like microstructures, making them a new
type of Fe, N co-doped carbon absorbents with a facile preparation procedure and remarkable
adsorption behavior. Rhodamine B (RhB) removal indicated that the prepared N-doped FezO,@C
adsorbents displayed high adsorption capabilities in a near-neutral solution, and FezO,@C (1:0.11)
exhibited a maximum adsorption capability of 257.06 mg g~. More importantly, spent N-doped
Fes04@C absorbents, which could be recovered by magnetic separation and cohesive persulfate (PS)
activated photo-Fenton regeneration, showed excellent adsorption reusability and high stability even
after 5 cycles. Overall, this paper presents a simple method for fabrication of a 3D cage-like magnetic N-
doped Fez04@C adsorbent, which provides a significant guidance for the study of Fe, N co-doped
carbon adsorbents towards dye wastewater treatment.
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which acted as an efficient catalyst for 4-nitrophenol reduction.
Lin and co-workers® used Cos[Fe(CN)q] to prepare a magnetic

1. Introduction
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Prussian blue (PB) and its analogues (PBA), owing to their
diverse morphologies and peculiar linkage of transition metals
with N-containing organic ligands, have attracted considerable
attention as templates and precursors for the development of
heteroatoms-doped carbon materials." Previously, several
metal/nitrogen (N) co-doped carbonaceous composites have
been fabricated using PB or PBA as raw materials for various
applications in wastewater treatment. For instance, Hu et al.*
reported the fabrication of FeCo nanocrystals with nitrogen-
doped graphene shells, obtained by annealing Fe;[Co(CN)]s,
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carbon/cobalt/iron (MCCI) nanocomposite, which showed good
catalytic activity during peroxymonosulfate degradation of
Rhodamine B. Wen et al.* synthetized porous magnetic N-doped
Fe/Fe;C nanoparticles that were prepared from poly-dopamine
coated Prussian blue microcubes with thermal treatment.
Batch adsorptive experiments demonstrated that N-doped Fe/
Fe;C@C-800 exhibited maximum sorption capacity for ura-
nium(vi) removal. In brief, it is believed that chemical activity
and stability of conventional carbon atoms could be enhanced
by the incorporation of metal (Fe, Co or Ni) and N, hereby,
making the metal/N-doped carbon composites very useful in
wastewater treatment.>® In other words, co-doping of metal and
nitrogen into carbon hosts has been recognized as an effective
approach to enhance physical and chemical properties of
conventional carbon materials.”® Nevertheless, despite the
superiority of PB or PBA as starting materials, once they are
used as the only precursors, shortage of C and N elements in the
PB or PBA frameworks inevitably leads to the lack of sufficient
N-C formation during the subsequent growth of carbonaceous
layers. From previous experience,>® the deficiency of C and N in
the final products not only limits their adjustable physico-
chemical properties, but also reduces their chemical stability.
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To overcome this dilemma, many N-containing carbon
substrates have been utilized to modify PB-derived compounds,
where C and N can be enriched, thus, obtaining improved
metal/N-C hybrids with high activity, sustainable stability and
better environmental tolerance. Unfortunately, to date, the vast
majority of the above-mentioned carbonaceous supports are
expensive and low in abundance, greatly constraining their
practical application.®"" In this regard, abundant and low cost
carbonaceous supports are highly desirable, and there is still
considerable room for development of advanced carbons with
enriched nitrogen, transition metal and carbon sources.

Yeast, commonly used for food fermentation, pharmaceuti-
cals and biofuels, is readily available in nature and easy to
artificially culture.>** The cell wall of yeast consists of approx-
imately 90% polysaccharides, including glucan and mannan,
and a small portion of protein, chitin and lipid, which offers an
abundance of functional groups to the fine biostructure, such as
-OH, -COOH, -NH,, -CONH,, etc."*** Benefiting from these
properties, yeast has been used as a raw material for the prep-
aration of functional carbon materials via thermal decomposi-
tion.’®'” Specifically, N-enrichment within the yeast cell (about
10.6 wt%) can be further converted to N-doped carbon and,
thus, enable the yeast-based carbon to exhibit stronger chem-
ical activity than traditional pristine carbon materials.**®
Moreover, compared to the formation of some other N-doped
carbon materials that introduce N into the carbon structure
by using NHj3, amines, urea or melamine, yeast can be directly
transformed into N-functionalized carbon without any addi-
tions,” making it a qualified green feedstock for the production
of valuable N-doped carbon materials. From Shen and co-
workers,* a hierarchical microporous carbon material with
high content of nitrogen (>5.3 wt%) was prepared from yeast,
and it was proved to maintain excellent CO, adsorption
capacity. This finding strongly encouraged us to use yeast to
prepare high value-added carbon materials and to explore their
adsorption applications.

In this study, we proposed a synthesis strategy for a facile,
economical, and scalable synthesis of 3D cage-like magnetic N-
doped Fe;0,@C adsorbent with uniform iron-based composites
embedded in N-enriched carbon microspheres. In particular,
Prussian blue@yeast (PB@yeast) bio-template was previously
synthesized using yeast and potassium ferricyanide as raw
materials and then directly annealed at 550 °C for 3 h. By
adjusting the content ratio of raw materials, several controllable
hierarchical N-doped Fe;O0,@C samples were rationally ob-
tained. The prepared N-doped Fe;0,@C products were charac-
terized by FE-SEM, EDS, XRD, FT-IR and Zeta potentiometry
techniques. Based on the characterization results, the detailed
mechanism for the formation of N-doped Fe;0,@C microcages
was discussed. Afterwards, application of N-doped Fe;O0,@C
microcages in RhB removal was investigated in batch experi-
ments. The adsorption isotherm was constructed, and kinetics
and thermodynamics were explored to evaluate the absorption
capabilities and to study the adsorption mechanism of N-doped
Fe;0,@C adsorbent. The effects of pH, ionic strength and urea
were also assessed to understand the possible interaction
mechanism between RhB molecules and N-doped Fe;O,@C
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adsorbent in water. Furthermore, the reusability of the satu-
rated N-doped Fe;O0,@C adsorbent was achieved via magnetic
separation and persulfate (PS, S,05>7) activated photo-Fenton
regeneration. The results indicated that N-doped Fe;0,@C
microcages with high adsorption activity and prolonged reus-
ability would be promising candidates for practical applications
in dye-containing wastewater treatment.

2. Methodology
2.1 Materials

Yeast powder was purchased from Angel Yeast Co., Ltd., China.
Potassium ferricyanide (K Fe(CN)s-3H,0) and Rhodamine B
were acquired from Tianjin Kermel Chemical Reagent Co., Ltd.,
China. Polyvinylpyrrolidone (PVP, K-30) was supplied by
Shanghai Lanji Co., Ltd., China. Persulfate (PS, Na,S,0g) was
purchased from Aladdin Co., Ltd, China. Hydrochloric acid
(HCI, 36.5%), sodium hydroxide (NaOH), and ethanol (C,H5OH,
95%) were purchased from Xi'an Chemical Agent Corp. All
chemical reagents were used without further purification.
Doubly deionized water was used for all experiments.

2.2 Synthesis of 3D cage-like magnetic N-doped Fe;0,@C
adsorbent

2.2.1 Preparation of PB@yeast bio-template. 1.0 g of yeast
powder was firstly dispersed in 100 mL of HCl solution
(0.10 mol L™ ") under magnetic stirring, and then 0.11 g of K-
Fe(CN)s-3H,0 and 3.8 g of PVP were added to the yeast
suspension under continuous stirring for 1 h. The resulting
mixture was transferred into a Teflon-lined stainless-steel
autoclave and heated at 80 °C for 24 h, followed by cooling to
room temperature. The PB@yeast bio-template was thus ob-
tained. The precipitate was collected by centrifugation, washed
thoroughly with deionized water and ethanol, and dried at 60 °C
for further use.

2.2.2 Preparation of N-doped Fe;0,@C adsorbent. The as-
prepared PB@yeast bio-template was annealed at 550 °C for 3 h
with a heating rate of 5 °C min~" in Ar atmosphere to yield the
final N-doped Fe;0,@C product (named Fe;O0,@C (1 :0.11)).
For comparison, several controllable N-doped Fe;0,@C
samples (named Fe;0,@C (1:0.05) and Fe;0,@C (1 :0.22))
also were prepared by adjusting the initial content ratio of yeast
and K,Fe(CN)g-3H,0. That is, the K,;Fe(CN)s-3H,O reagent was
adjusted to 0.05 g or 0.22 g in the pre-prepared synthesis while
other conditions remained unchanged.

2.3 Characterization

The formation of N-doped Fe;O0,@C hybrids was confirmed by
field emission scanning electron microscopy (FE-SEM) on
a HITACHI S4800 instrument. Elemental distribution of iron,
nitrogen, carbon, and oxygen in as-prepared samples was eval-
uated by energy-dispersive spectroscopy (EDS) analysis (equip-
ped with the FE-SEM). All of the samples were coated with Pt
before fixing them on the FE-SEM equipment. Their composi-
tion was characterized by X-ray diffraction (XRD) on a Bruker D8
Advanced X-ray diffractometer (Cu Ko radiation A = 0.15418

This journal is © The Royal Society of Chemistry 2019
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m). Functional groups on N-doped Fe;0,@C were character-
ized using Fourier-transform infrared (FT-IR) spectra on a Per-
kinElmer Spectrum Two in the range 500-4000 cm ‘. The ¢-
potential value was recorded by Malvern ZEN3690. Surface
chemical composition of N-doped Fe;0,@C was analyzed by
using X-ray photoelectron spectroscopy (XPS) on PHI 5000
VersaProbe III. Surface area and pore volume were determined
by specific surface area pore size analyzer (Builder SSA-6000).

2.4 Batch experiments

2.4.1 Adsorption tests. Typically, 30 mg of N-doped
Fe;0,@C adsorbents was added into 50 mL RhB solution of
various concentrations with mechanical stirring. All of the
adsorption experiments were conducted at 25 °C in the dark at
the initial pH of 6.0. For the kinetics study, the residual RhB
concentration in solution was analyzed at certain contact
duration, using a UV-vis spectrophotometer (UV-752, Shanghai)
at 554 nm. For the adsorption isotherm study, the adsorption
was carried out for 6 h with the initial RhB concentration
ranging from 25 to 200 mg L', The pH values were adjusted by
adding 0.10 mol L' HCI or 0.10 mol L' NaOH to investigate
the effect of pH on the adsorption mechanism. The adsorption
amounts of RhB at time ¢ (g;) and at equilibrium (g.) were
calculated by eqn (1) and (2):

. (Co—C)HV

g = QoG 1)
(G -GV

e = m 2)

where C, (mg L") is the initial concentration of RhB, and C;
and C. are the concentrations of RhB at time ¢ and at equilib-
rium, respectively. V (mL) is the volume of RhB solution and m
(mg) is the mass of the N-doped Fe;0,@C adsorbents.
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2.4.2 Regeneration and reusability. The regeneration and
reusability of the saturated adsorbent was carried out via PS
activated photo-Fenton reaction. In a typical procedure, 30 mg
N-doped Fe;0,@C (1:0.11) adsorbent was saturated with
25 mg L™ " of RhB solution. The saturated adsorbent was then
immersed into the 50 mL deionized water with mechanical
agitation. Thirty mg of PS was added while xenon lamp was
turned on (PLS-SXE300C, Beijing). The mixture was continu-
ously stirred for 30 min to remove the adsorbed RhB molecules
completely. Then, the regenerated adsorbent was magnetically
separated from the solution by placing a magnet nearby and
dried for more adsorption experiments.

3. Results and discussion

3.1 Conversion of PB@yeast bio-template into 3D cage-like
magnetic N-doped Fe;0,@C adsorbent

Scheme 1 shows the formation of 3D cage-like magnetic N-
doped Fe;0,@C.

According to previous reports,*** PB nanocubes could be
easily synthesized by hydrothermal treatment at 80 °C using
potassium ferricyanide (K,Fe(CN)e). The obtained PB product
consisted of a face-centered-cubic crystal structure with Fe(u)-
C-N-Fe(m) sequence, which was clarified as a mixed-valence
iron(m) hexacyanoferrate(n) compound (Fe,[Fe(CN)g];). Yeast
is one type of elliptical unicellular fungus with sturdy cell walls.
Owing to the polysaccharide layer constructed from coiled $-1,3-
glucan in the cell wall, yeast can maintain the stability of the
whole cell system even in relatively harsh environments."”
Previous studies also confirmed that when the initial pH value
was below 3.0, the glucosamine unit (-NH,) of yeast cells could
be easily converted into the protonated form (-NH;"), leaving
the exposed surface of yeast cells positively charged in acidic
solution.”* In current study, bare yeast and K,Fe(CN)y were
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Scheme 1 Schematic illustration of the formation of 3D cage-like N-doped FezO,@C adsorbent.
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mixed together in 0.10 mol L™ of HCI solution. The negatively
charged [Fe(CN)g]*~ could be easily attracted to the protonated
-NH;" of yeast by electrostatic force, allowing the two feedstocks
to collect and form homogeneous Fe-containing yeast micro-
spheres. Afterward, the mixture was transferred into a Teflon-
lined stainless-steel autoclave for hydrothermal treatment. In
the succeeding process, [Fe(CN)¢]'~ ions were in situ trans-
formed into a well-defined PB crystals on the cell wall of the
yeast microspheres. The color of the solution changed from
light green to dark blue during the synthesis, confirming
successful nucleation of PB shell on the surface of the yeast
substrate (denoted here as PB@yeast). This way, the -NH, units
of the yeast could be continuously linked to PB nanoparticles by
ionic interactions, which greatly contributed to the stability of
PB@yeast microspheres.”?** In addition, aggregation of PB
nanoparticles was substantially avoided due to the tight and
uniform adhesion of PB nanoparticles to the high-surface-area
yeast substrate.

In view of the integrated features of PB@yeast, such as N/C
enrichment of the novel microstructure and uniform Fe
encapsulation into the framework, it can be accepted that the
PB@yeast microspheres have acted as an ideal bio-template for
the formation of advanced Fe, N co-doped carbonaceous
materials. Hence, the PB@yeast microspheres were then
calcined at 550 °C for 3 h. During the pyrolysis process,
continuous decomposition of the PB shell and the yeast core
occurred contemporaneously, resulting in a 3D hierarchical
Fe;0,@N-doped carbon product (denoted as N-doped
Fe;0,@C). In other words, as a result of constant decomposi-
tion of PB shell, Fe-containing nanocubes were produced while
the yeast was carbonized, accompanied by certain N doping into
the carbon layer to form N-doped carbon microspheres. From
the above analysis, it can be proposed that the PB@yeast bio-
template shows more promising potential for the formation of
Fe, N-based carbon materials than PB nanocubes that act as
a single sacrificial template/precursor.'®* In particular, yeast
cells plays a key bi-functional role in the formation of the final
N-doped Fe;0,@C products. On one hand, the cell-wall poly-
saccharide network of yeast provides an excellent high-surface-
area platform and enriched N-functional groups, which signif-
icantly facilitate the uniform distribution of Fe;O, nano-
particles embedded in N-enriched carbonaceous microspheres.
For this reason, agglomeration of Fe;O, nanoparticles is avoi-
ded and a sufficient amount of N/C sources is added simulta-
neously. On the other hand, yeast cell consists of 2 kinds of
components, namely, an amorphous matrix and a fibrillar
network.”® During heat treatment, the former is gradually
gasified into CO,, CO and H,,” while the latter is burned to
form a carbon material, making the yeast convert into a hollow
carbonaceous microsphere with penetrable meso- and macro-
pores.””'® Based on this fact, a cage-like structured microsphere
was thereby obtained by pyrolysis of the PB@yeast template.
Similarly, decomposition of PB nanocubes also occurred,
accompanied by the release of nitrogen-containing gases,*®
resulting in regular Fe-based nanoboxes anchoring to the
surface of N-enriched carbon microcage. From this point of
view, the final prepared N-doped Fe;O,@C microcages,
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inheriting the attractive integrated features of PB@yeast bio-
template, would show significantly improved activity and
stability for adsorption applications.

To verify the successful formation of N-doped Fe;0,@C
adsorbent, field-emission scanning electron microscope (FE-
SEM) was employed to characterize the morphology and struc-
ture of the precursors and the final products.

Fig. 1 shows the FE-SEM images of the products.

The uniform original yeast (Fig. 1a) with ellipsoidal shape
and PB nanocubes (Fig. 1b) with an edge length of about 300 nm
were obtained. Both showed a very smooth surface. In Fig. 1(c
and d), the PB@yeast bio-template with a core/shell structure
can be seen, which is slightly larger than naked yeast, and PB
nanocubes are uniformly distributed on the surface of the
microsphere. An enlarged image (Fig. 1d) illustrates that the
surface of the microsphere became rough with several nano-
particles uniformly adhered to the exterior structure, and plenty
of holes exist on the surface. This observation may be attributed
to the relatively loosely assembled PB shell and evaporation of
water in the structure of yeast during the hydrothermal reac-
tion. In other words, some hydrolysis channels had emerged in
the microsphere, which would conduce to the possible forma-
tion of cage-like microsphere after continued carbonization.
After pyrolysis, as shown in Fig. 1(e and f), the N-doped
Fe;0,@C (1:0.11) sample remained a core-shell structure, in
which the closely arranged PB nanocubes in the outer shell were
transformed into small individual and well-defined nanoboxes
with sizes of approximately 150 nm, and the inner core main-
tained its own microsphere morphology. Close observation
(Fig. 1f) revealed that the outer shell consisted of stacked
assembled nanocubes, and the pores remained enlarged. This
happened mainly because the individual hydrolysis channels of
yeast kept enlarging to form penetrable meso- and macropores
at high temperature.* Also, the polycondensation and decom-
position of PB contributed to the enlarged pores.*® Finally, 3D
cage-like N-doped Fe;O,@C was obtained, which may be
beneficial in sorption of target pollutants.

To understand the controllable conversion of PB@yeast bio-
template, the parallel hierarchical Fe;0,@C samples were also
formed by adjusting different mass ratios between yeast and
K,Fe(CN)s under the same conditions (donated Fe;0,@C
(1 :0.05) and Fe;0,@C (1 : 0.22)). The obtained FE-SEM images
are shown in Fig. S1. Compared to Fe;0,@C (1:0.11) in
Fig. 1(e and f), the 3D hierarchical structures were also
observed, which retained the microsphere shape roughly.
Nevertheless, the Fe;0,@C (1 : 0.05) sample contained irregular
nanoparticles wrapped around the microspheres with many
holes on the surface, whereas the Fe;0,@C (1 : 0.22) sample
displayed uniform nanoparticles from 20 to 40 nm that were
completely coating the microsphere surface. Obviously, it
appears that a greater number of PB nanocubes resulted in
more compact microspheres, while a lower number led to the
more sizable pores. These novel findings demonstrated that
polycondensation and decomposition of yeast cells could
significantly contribute to the formation of pores during
pyrolysis. Additionally, the conditions of the yeast surface
varied from different quantities of nanocube-assembled shells,

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08886a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 08 January 2019. Downloaded on 3/15/2026 12:06:43 AM.

(cc)

Paper

View Article Online

RSC Advances

Fig.1 FE-SEM images of (a) naked yeast; (b) PB nanocubes; (c) PB@yeast (1 : 0.11) bio-template; (d) magnified details for PB@yeast (1 : 0.11) bio-
template; (e) the sample FesO,@C (1: 0.11); and (f) magnified details for FesO,@C (1 : 0.11).

resulting in different morphological parameters of the final
product.

Further energy-dispersive spectroscopy (EDS) analysis of N-
doped Fe;0,@C samples confirmed the observed distribution
peaks of C, N, O and Fe elements (Fig. S2 and S3f). For
comparison, the mass fractions of the given elements are list in
Table 1.

As shown in Table 1, the Fe element was observed in all 3 N-
doped Fe;0,@C samples with 17.98, 19.71 and 23.74 wt%. The
highest ratio of a sample (1 : 0.22) confirmed that the Fe source
in prepared N-doped Fe;0,@C samples was provided entirely by
the PB shell of the bio-template, and its quantity increased with

This journal is © The Royal Society of Chemistry 2019

the enhanced loading of PB nanocubes on the yeast core.
Regarding C and N elements, their mass percent scaled up as
the mass ratio of feedstocks increased from 1 : 0.05 to 1: 0.11,
but declined when the mass ratio reached to 1:0.22. This
phenomenon may be caused by the fact that the surface of the
core was completely enwrapped and difficult to detect by EDS
analysis, which is consistent with the observations of the FE-
SEM images. It is worth to note that the N distributed peak
was not detected by EDS when using PB nanocubes as a single
template, reminding few N composition in PB-derived carbo-
naceous compounds. As a result, it can be concluded that PB
nanocubes provided a sufficient amount of Fe in order for the

RSC Adv., 2019, 9, 1151-1164 | 1155
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Table 1 Elemental composition of different products determined by EDS
Weight percent (wt%) Atomic percent (at%)

Sample C N (0] Fe C N o Fe
Yeast-based sample 64.94 10.90 11.99 — 76.91 11.07 10.66 —
PB-based sample 14.30 — — 70.16 46.44 — — 49.01
Fe;0,@C (1:0.05) 47.17 10.46 16.56 17.98 64.45 12.25 16.99 5.24
Fe;0,@C (1:0.11) 47.26 10.53 17.68 19.71 64.01 12.22 17.98 5.79
Fe;0,@C (1:0.22) 39.76 4.68 23.47 23.74 59.42 5.88 25.56 7.29

products and yeast to make a big enough contribution to the
sources of C, N elements. EDS mapping images of the N-doped
Fe;0,@C (1 :0.11) sample (Fig. S37) revealed that Fe, N and O
atoms were evenly distributed on C layer with strong intensity.
In particular, Fe atoms evenly covered the entire selected zone,
demonstrating that Fe was uniformly enriched on the surface of
the N-doped Fe;O,@C sample. A similar distribution was
observed between the C and N element mapping images, con-
firming the uniform doping of N along the carbon matrix. So
far, it can be concluded that the N-doped Fe;0,@C hybrid with
enriched N, O, Fe elements, uniformly distributed on C
substrate, would find application in organic wastewater
treatment.

Further, XPS characterization was performed to gain more
insight into the chemical compositions and the surface prop-
erties of the prepared N-doped Fe;0,@C samples (Fig. 2).

The survey XPS spectrum in Fig. 2a reveals that the N-doped
Fe;0,@C sample consisted of C, N, O and Fe elements, while no
peaks of Fe element were observed in the yeast-based carbon.
Notably, N element was clearly seen in the yeast-based carbon,
clarifying the N-doping effect of yeast. To analyze the doped N
element, the high-resolution XPS spectrum of N 1s was subse-
quently examined. As shown in Fig. 2b, there are 4 fitted peaks
corresponding to pyridinic N (398.3 eV), pyrrolic N (399.8 eV),
graphitic N (400.8 eV) and oxidized N (402.1 eV).*® The area
percentages of the 4 dominating peaks were 41.0, 33.4, 15.2 and
10.4%, successively, corresponding to the content percentages
of the 4 N species. Similarly, 49.9% of pyridinic N, 33.1% of
pyrrolic N, 15.0% of graphitic N and 2.0% of oxidized N were
obtained in the N 1s spectrum of yeast-based carbon (Fig. 2c),
which further demonstrate the contribution of the yeast matrix
to N-doping. High-resolution C 1s spectrum (Fig. 2e) shows 4
peaks located at 284.6, 286.2 and 288.9 eV, which were assigned
to C-C/C=C, C-OH/C-N and O=C groups, respectively.'®** Fe
2p spectrum of the N-doped Fe;0,@C sample (Fig. 2d) shows 2
major characteristic peaks at 711.0 and 724.7 eV, which are
assigned to Fe 2p 3/2 and Fe 2p 1/2 of Fe;0,.*> Additionally, the
peak centered at 529.7 eV in the O 1s spectrum corresponds to
the binding energy of lattice oxygen in Fe;0,,** which also
confirms the existence of Fe;0, in the hybrid. A maximum peak
at 531.2 eV in the O 1s spectrum corresponds to the carbonyl
oxygen in C=0 and the Fe-O-C bonds in the hybrid.?***

XRD patterns of the prepared N-doped Fe;0,@C are shown
in Fig. 3a and the XRD patterns of PB@yeast bio-templates are
shown in Fig. S4F to compare with N-doped Fe;0,@C data. As
can be seen, 4 major peaks are located between 17.5° and 39.7,
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which confirm the presence of the face-centered cubic phase of
PB nanoparticles.*® A broad peak around 26 = 20°, assigned to
the amorphous phase of yeast, also existed in the templates,
verifying successful assembly of PB@yeast composites. After
pyrolysis, the diffraction peaks at 30.2°, 35.5°, 43.3°, 53.7°, 57.1°
and 62.8° in Fig. 3a correspond to (220), (311), (400), (422),
(511), (440) planes of Fe;0, (JCPDS 79-0419).*” A small and
broad diffraction peak around 26.2° corresponds to the (002)
plane of the graphitic carbon, endorsing that the iron
compound catalyzed the graphitization of amorphous carbon
somehow during the pyrolysis process.*® Different from
previous report where PB was picked as a single precursor, the
characteristic diffraction peaks of Fe;C were hard to detected,
which may be attributed to the metastable state of iron
carbides.*>*® Furthermore, the yeast matrix containing oxygen-
enriched functional groups could support the formation of
iron oxide. After reaction was complete, similar XRD patterns of
the N-doped Fe;0,@C adsorbent were observed, indicating the
chemical stability of N-doped Fe;0,@C adsorbent.

Fig. 3b illustrates the FT-IR spectra of N-doped Fe;O0,@C
samples. A strong peak around 3300-3600 cm ™' corresponds to
the adsorption band of O-H bending vibrations, indicating the
existence of a large number of residual hydroxyl groups. The
peaks at 1554 cm™ ' and 880 cm ™" are likely assigned to N-H
bending vibrations, and the peak at 1254 cm™ " corresponds to
the C-N stretching vibration overlapping with the absorption
bands of aromatic C-O.*" These characteristic absorption peaks
indicate the presence of amide and hydroxyl groups in the
prepared N-doped Fe;0,@C hybrids, all of which came from
yeast substrates. In addition, the band at 579 cm ™" may corre-
spond to the Fe-O stretching vibration of the Fe;0,@C
surface.”” Combined with the results of XRD analysis, it can be
concluded that Fe;0, was indeed formed on the N-containing
carbonaceous composites. Additionally, comparing these 3
products, similar XRD patterns and FT-IR spectra were ob-
tained, indicating the wuniversal production of N-doped
Fe;0,@C hybrids.

The N, adsorption—-desorption isotherm for N-doped
Fe;0,@C hybrid is given in Fig. 3c. According to BET analysis,
a specific surface area of 31.26 m”> g~ ' with meso- and macro-
porous features was obtained.* In addition, the pore volume
was found to be 0.0265 cm® g™, and the containing pores of N-
doped Fe;0,@C ranged from a few nanometers to 69 nm (inset
of Fig. 3c), which is essential for the adsorption performance of
N-doped Fe;0,@C, since it may provide more contact area and
retain a coherent channel for the transmission of target

This journal is © The Royal Society of Chemistry 2019
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high-resolution XPS spectra of (d) C 1s; (e) Fe 2p and (f) O 1s in N-doped Fez0O,@C sample.

molecules. Additionally, the surface potential in Fig. 3d indi-
cated that the surface of Fe;0,@C (1:0.11) was negatively
charged over the entire pH range. Since the hydroxyl groups
ionized to form -O~ at high pH, the negative charge of the
surface was getting stronger as the pH value increased. The
potential reached —26.4 mV at pH 7.0, demonstrating good
stability of the product at neutral conditions, which could be
important for long-term applications.

This journal is © The Royal Society of Chemistry 2019

3.2 Adsorption performance of N-doped Fe;O0,@C in RhB
removal

RhB, a typical cationic dye, has attracted a great deal of atten-
tion because of its industrial relevance and inflexible nature.***
Herein, the adsorption properties of N-doped Fe;0,@C samples
were evaluated by removing RhB from water. Fig. 4a shows the
adsorption performance for RhB adsorption onto as-prepared
N-doped Fe;0,@C adsorbents. Experimental data showed that
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the uptake capacities of N-doped Fe;0,@C increased gradually
with the increase of initial concentration, which was attributed
to the increased driving force from the concentration gradient
that readily accelerated the diffusion of the RhB molecules.* In
addition, the adsorption capacity of Fe;O,@C (1:0.11) was
higher than that of Fe;0,@C (1 : 0.05) or Fe;0,@C (1 :0.22).
From reported studies,*”*® the presence of N could increase the
electron density of N-containing carbon surface, thus,
enhancing the interaction between dye molecules and absor-
bents. In this study, the N content of Fe;0,@C (1 : 0.11) was
higher than that of Fe;0,@C (1 : 0.05), which further evidenced
that the increased N-doped content could play a significant role
in the improvement of adsorption performance. Also, good
dispersion of Fe;O, provided a strong coarse surface, which
would be beneficial to the RhB molecules adsorbing on the N-
doped Fe;0,@C. In addition, the unique 3D cage-like struc-
ture made an indispensable contribution to the high adsorp-
tion. However, the experimental result of (1 : 0.22) was not as
good as that of Fe;0,@C (1 : 0.11), which probably was due to
the external shell tightness, blocking plenty of targeted RhB
molecules diffusing from the aqueous solution to the N-doped
carbon surface. In brief, all the synthesized N-doped Fe;0,@C
adsorbents had the ability to adsorb RhB in solution, and
Fe;0,@C (1 : 0.11) performed better within 25-200 mg L™ of
the initial RhB concentration. This was mainly attributed the
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prominent comprehensive characteristics of Fe;0,@C (1 : 0.11)
such as a regular 3D cage-like structure, N-modified synergy,
and the presence of well-dispersed Fe;O, nanoparticles on the
carbon matrix. To explore the adsorption process, data were
fitted by frequently-used Langmuir and Freundlich models. The
former Langmuir model can be presented as:

KL Ce

e — Ymax 7 . ~ > 3
e = QxR €, G)

and the latter Freundlich model is described as:

Ing. =In KF—Q—% In C, (4)
where C. is the equilibrium concentration of the adsorbate (mg
L™); ge (mg g ") and gpmay (mg g~ ') are the maximum adsorp-
tion capacities of adsorbents; Ky, (L mg™") is the Langmuir
constant related to energy of adsorption; Ky (L g ') and n are
Freundlich constants corresponding to the factors affecting the
adsorption capacity and intensity of adsorption.

The dimensionless separation factor (R;) was supplemented
to mark the favorability of adsorption model, which is defined

as.49,50
1

Rl= ——
LT 1YKG (5)
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Fig. 4 RhB adsorption performance of (a) Fes0,@C adsorbents and (b) different predecessor-derived adsorbents. (c) Adsorption kinetics curves

of Fes0,4@C (1: 0.11). (d) Intra-particle diffusion model.

The curve fitting of isotherm models using different adsor-
bents is presented in Fig. S5(a and b),T and the corresponding
parameters are listed in Table 2.

The results illustrated that the adsorption of RhB on the 3 N-
doped Fe;0,@C adsorbents were well fitted by both the Lang-
muir model (R* = 0.9961, 0.9961, 0.9955) and the Freundlich
model (R* = 0.9824, 0.9733, 0.9873). From the calculated data,
the 1/n values for 3 kinds of N-doped Fe;0,@C adsorbents were
below 1 and the Ry, values were in the range of 0.10-0.37, sug-
gesting that Langmuir model performed better than the
Freundlich model. The Fe;0,@C (1 : 0.11) sample achieved the
highest adsorption capacity (257.06 mg g~ '), higher than those
of Fe;0,@C (1 :0.05) (206.19 mg g ') and Fe;0,@C (1 : 0.22)
(171.53 mg g~ '). Still, the adsorption capacities of all prepared
N-doped Fe;0,@C samples were much higher than those of
either PB-based or yeast-based carbonaceous adsorbents under

the same conditions (Fig. 4b, 90.34, 61.03 mg g~ '). These data
further support our prediction with regards to the N-doped
Fe;0,@C adsorbents showing outstanding adsorption abili-
ties for RhB removal because of the comprehensive conditions,
discussed earlier. Compared with previous literatures results
(see in the Table S1t), the maximum adsorption capacity for
RhB by N-doped Fe;0,@C adsorbents was relatively higher than
that of other carbonaceous adsorbents. These results demon-
strated that the N-doped Fe;O0,@C material derived from
PB@yeast bio-templates can be used as a high-efficiency
adsorbent for RhB removal in aqueous solution.

3.3 Adsorption kinetics

Fig. 4c shows the data for the selected initial concentrations of
RhB adsorption by Fe;0,@C (1 : 0.11) at different contact times.

Table 2 Adsorption isotherm parameters for RhB adsorption on different adsorbents

Langmuir model

Freundlich model

Sample gmax (Mg g7 1) K (Lg™) R 1/n Ke(Lg™) R?

Fe;0,@C (1 : 0.05] 206.19 0.0439 0.9961 0.4019 9.0635 0.9824
Fe;0,@C (1 : 0.11) 257.06 0.0343 0.9961 0.4874 8.5676 0.9733
Fe;0,@C (1 : 0.22) 171.53 0.0442 0.9955 0.3575 9.0228 0.9873

This journal is © The Royal Society of Chemistry 2019
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It was found that fast adsorption occurred at the first 60 min
because of abundant adsorption sites on the Fe;0,@C surface,
indicating that strong binding forces exist between the adsor-
bent and adsorbate. For understanding the kinetic adsorption
mechanism, 3 kinetic models, namely, pseudo-first-order
model (eqn (6)), pseudo-second-order model (eqn (7)), and an
intra-particle diffusion model (eqn (8)) were applied to fit the
experimental data.>*">
These models can be written as:

In(ge. — g;) = In g. — kyt (6)
¢ 1 1

= 4 7

g kg q. @)

q: = kidlo‘s + C (8)

where g, (mg g ') is the adsorption capacity of RhB at time ¢, k,
(min~") and &, (g mg~ " min") are the rate constants of the
pseudo-first-order model and the pseudo-second-order model,
respectively, and kg (mg g~ min %%) is the intra-particle
diffusion rate constant of stage i.

The corresponding plots are shown in Fig. S5(c, d)f and 4d,
and the related kinetic parameters are listed in Table S2.7 It was
revealed in Fig. S5(c and d)f that a better linear curve was
generated by t/q; versus t for pseudo-second-order model than
In(ge — g.) versus t for pseudo-first-order model, and the higher
correlation coefficient (R> = 0.9977, 0.9989, 0.9993) was ob-
tained compared to that of the pseudo-first-order model (R* =
0.9643, 0.9515, 0.9747). In addition, the theoretical g, ¢, values,
calculated using the pseudo-second-order model, were very
close to the gc cxp values. These results suggest that adsorption
followed the pseudo-second-order kinetic model well, demon-
strating that physicochemical interactions, such as valence
forces between adsorbent and adsorbate, are responsible for the
removal of RhB from solution.>***

Ordinarily, the overall adsorption by carbonaceous adsor-
bent may occur in several stages, such as external surface
adsorption, intra-particle diffusion and interior surface
adsorption.*® It has been affirmed that hierarchical pores exist
in the unique 3D cage-like structured N-doped Fe;O,@C
adsorbent, which is sufficient for the fast diffusion of RhB
molecules. As shown in Fig. 4d, the fitting curves displayed
multi-linearity in general but did not pass through the origin,
signifying that intra-particle diffusion played an important role
in the adsorption process, even though it was not the only rate-
controlling step in this mode. From Table S2,t the rate constant
of the first stage was greatest out of all of 3 sets of data. It is
reasonable that the surface adsorption through boundary layer
diffusion usually occurs in the first step, which is significantly
affected by the resistance of mass transfer around the adsor-
bate. Apparently, it was prominent in the early stage of
adsorption because of the diffusion driven force of high initial
RhB concentration, followed by the gradual adsorption stage
dominated by the intra-particle diffusion, and the final equi-
librium stage with low RhB concentration in solution.””*® The
experimental results of RhB diffusion revealed that both film

1160 | RSC Aadv., 2019, 9, 1151-1164
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diffusion and intra-particle diffusion were functioned during
the adsorption process. In view of the unique morphology of the
N-doped Fe;O,@C adsorbent, a cage-like structure with
numerous visible pores can greatly promote the transport of
guest molecules into the pores to reduce the diffusion resis-
tance, thereby, leading to high adsorption of RhB.

3.4 Adsorption thermodynamics

The temperature-dependent adsorption capacities for RhB on
Fe;0,@C (1 : 0.11) adsorbent at 10, 25, 40, and 55 °C are shown
in Fig. 5, and the detailed analysis is presented in Table S3.1

Thermodynamic parameters were determined from the
distribution coefficient (K.) defined by eqn (9):

qe
K. = —
CG ©)

The corresponding changes in standard free energy (AG®),
standard enthalpy (AH°) and standard entropy (AS°) for RhB
can be defined by the following eqn (10)-(12):*°

AG® = AH® — AS°T (10)

AG® = —RTIn K¢ (11)
AS°  AH°

In KC = R — RT (12)

where K¢ denotes the equilibrium constant, R is the universal
gas constant (8.314 ] mol~" K ') and T is the absolute temper-
ature (K). The values of AH® (k] mol™") and AS° (k] mol™" K™)
were obtained from the slope and intercept of van't Hoff plot of
In K¢ versus 1/T, and thermodynamic parameters are summa-
rized in Table 3.

The results in Fig. 5a showed that the adsorption capacities
increased explicitly from 206.61 mg L™ " to 268.10 mg L™ " as the
temperature rose from 10 °C to 55 °C, indicating that higher
temperature would be favorable for RhB adsorption by
Fe;0,@C (1:0.11) adsorbent. The increased temperature
phenomenon might occur due to the improved mobility of the
large RhB molecules, which could speed up the transfer of the
dye from aqueous solution to the Fe;O,@C surface. As seen in
Table 3, positive values of AH® and AS° indicate an endothermic
adsorption process and an increased randomness at the solid-
liquid interface during RhB adsorption on Fe;0,@C (1:0.11)
product, which is similar to previously reported results.®® The
negative value of AG®, ranging from —3.43 to —7.58 kJ mol™",
revealed that RhB adsorption was spontaneous and feasible.
Moreover, the values decreased with the increase in tempera-
ture, revealing a more effective removal of RhB with a degree of
spontaneity at higher temperatures. From Ma and co-workers,**
the Gibb's free energy, AG®, changes within the range of —20
and 0 k] mol * and indicates a physical adsorption process. To
further affirm the physical domination adsorption mechanism
for RhB removal on N-doped Fe;O0,@C adsorbent, a modified
Arrhenius equation (eqn (13)) was used to estimate the activa-
tion energy (E,) and sticking probability (S$*):*>

This journal is © The Royal Society of Chemistry 2019
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S*=(1— g)e*(%) (13)

The surface coverage (6) could be calculated using eqn (14):

C.
=1 == 14
I=1-¢ (14)

A plot of In(1 — 6) versus 1/T is displayed in Fig. 4b and the
corresponding values of E, and S* are listed in Table 3. The
results showed that the value of sticking probability (S*) was
between 0 and 1, indicating favorable sticking between the
adsorbent and adsorbate.® These data in combination with AG®
values ranging from —3.43 to —7.58 k] mol " in the temperature
range from 10 °C to 55 °C indicate that adsorption of RhB on
Fe;0,@C (1:0.11) product matched physisorption predomi-
nant mechanism well, which is preferential for separation and
reusability of the adsorbent.

3.5 Mechanism of RhB adsorption

Based on the above results, the description of a possible inter-
action mechanism between RhB molecules and Fe;O0,@C
(1:0.11) in a wide pH range of 2.0-10.0 is displayed in Fig. 5c. It
shows that the equilibrium adsorption capacity dramatically
increased from pH 2.0 to 6.0 but decreased with further
increasing pH values. This phenomenon could be interpreted
by the surface electrical properties of Fe;0,@C (1:0.11)
adsorbent and the relative ionization. As shown in Fig. 2d, the

This journal is © The Royal Society of Chemistry 2019

point of pHy,. of Fe;0,@C (1 : 0.11) was remarkably lowered to
PH 3.0. Therefore, the Fe;0,@C (1 : 0.11) was positively charged
at pH 2.0, which would electrostatically repel cationic RhB
molecules. As the pH value increased to 6.0, the RhB adsorption
behavior was promoted by increasing electronegativity of the
Fe;0,@C (1 :0.11), which was ascribed to the enhanced elec-
trostatic attraction and decreased competitive interactions with
H'. For pH values higher than 6.0, a few RhB molecules initially
existed in zwitterion form (RhB*) and then formed dimers,
which could block the small pores to some degree.***> Mean-
while, the free Fe™/Fe™, stemming from iron corrosion, may
bind OH  and further block the pores on the surface of
Fe;0,@C (1 :0.11) under alkaline conditions, thereby, leading
to decreased adsorption amounts.

The effects of ionic strength and urea on RhB adsorption by
Fe;0,@C (1:0.11) at pH 7.0 were also assessed. The results,
depicted in Fig. 5d, showed that adsorption improved slightly
with increased ionic strength, which might be attributed to the

Table3 Thermodynamic parameters for RhB adsorption on Fez0,@C
(1:011)

AG® AS® AH® £,
T(C) (Kmol™) (mol™*K") (kmol™?) (kJmol™") s*
10 —3.42 92.40 22.73 18.95 0.0395
25 —4.81
40 —6.19
55 —7.58
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electrostatic screening effect of NaCl that weakened the elec-
trostatic repulsion between RhB molecules at pH 7.0.°® In
addition, the salting-out effect synchronously functioned with
increasing ionic strength, which made it easier for RhB mole-
cules to spread throughout the Fe;0,@C/water interface, driven
by hydrophobic interactions, thus, increasing the adsorption
amounts of RhB on the Fe;0,@C surface.” Urea is widely
accepted as a hydrogen bond inhibitor since it can preferen-
tially form hydrogen bonds between itself and the carbon/water
interface. Here, the absorption of RhB decreased a little after
adding urea (Fig. 5d), which was due to the competing
adsorption between urea and RhB molecules at the Fe;0,@C
(1 : 0.11)/water interface. This result confirmed that hydrogen
bonding also played a role in the adsorption process. In
summary, the mechanism of RhB adsorption on Fe;O,@C
(1 : 0.11) may combine electrostatic, hydrophobic and hydrogen
bonding interactions.

3.6 Regeneration and reusability

Regeneration of adsorbents using Fenton reaction is considered
a promising alternative approach compared to traditional
physical regeneration, since it can continuously generate active
free radicals to attack dye molecules, leaving the organic
contaminants degraded on-site. In particular, as a great
advantage of PS-involved Fenton processes, the resulting sulfate
radicals (SO, ") show higher oxidation potential and longer
half-life than hydroxyl radicals (-OH), produced in the Fe/H,0,
system.**® In addition, introduction of a common transition
metal and its oxides could significantly facilitate the generation
of SO, ", thereby, effectively improving the degradation effi-
ciency of organic pollutants.®®” In this regard, it is reasonable
to believe that the use of PS-activated Fenton reaction would
offer a great potential for the regeneration of iron-modified
adsorbents.

Considering the integrated features of the prepared N-doped
Fe;0,@C sample, a natural extension of this study allowed us to
consider employing magnetic separation and PS activated
Fenton regeneration to reuse the spent N-doped Fe;O,@C
adsorbent. In the regeneration experiments, the quick response
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of Fe;0,@C (1 : 0.11) to a magnet, placed near the vessel (inset
of Fig. 6b), stated clearly that it can be easily recycled from the
solution in external magnetic field. The following PS activated
Fenton regeneration was performed under visible light, and the
regenerated Fe;0,@C (1 : 0.11) was reused for RhB adsorption.
The reused adsorption performance is shown in Fig. 6.

It revealed that the adsorption capacity toward RhB
remained stable, and the removal efficiency of the regenerated
Fe;0,@C (1 : 0.11) still reached 89.2%, even after 5 adsorption-
regeneration cycles, indicating the high reusability obtained by
Fenton regeneration. According to Gao and co-workers,” the
excited RhB* molecule under visible light, combined with Fe()
formed on the surface of Fe-K, could activate PS to generate free
radicals for RhB degradation. The probable processes could be
described by eqn (15)-(20):

RhB g (15)

RhB* + S,05>" > RhB'" 4 SO, + SO,*~ (16)
RhB* + =Fe(m) — =Fe(n) + RhB™* (17)
bFe(IT) + S,05*" —>bFe(Ill) + SO, ™ + +S0,>~  (18)
SO, + H,0—S0,> + -OH + H* (19)
SO, /-OH + RhB — intermediates (20)

In term of the N-doped Fe;0,@C, the solution during the
Fenton-like regeneration remained colorless, and the pH value
decreased approximately from 6.8 to 4.7 (not shown), indicating
that the RhB molecules, adsorbed on the surface of N-doped
Fe;0,@C, were degraded directly without desorption to the
solution and some acid intermediates were formed after photo-
Fenton reaction. These results are essentially in agreement with
the published studies.””® Based on previous results, it can be
inferred that both Fe;0, and N-doped graphitic carbon played
significant role in the regeneration.” The enriched N increased
the content of w-electron rich sites on the surface of the carbon
matrix, which facilitated the degradation of RhB in the photo-

100
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(a) Adsorption capacity and (b) adsorption efficiency of Fes0,@C (1: 0.11) for RhB removal in five consecutive adsorption—reduction

cycles. Inset: images of RhB solution and the magnetic separation after adsorption.
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Fenton reaction and also ensured high stability of the product.**
In summary, Fe;0,@C (1:0.11) displayed high reusability,
achieved by magnetic separation and PS activated photo-Fenton
regeneration, and can be considered a valuable and effective
material for RhB removal in aqueous solutions.

4. Conclusion

In this study, a facile and economical PB@yeast template-
directed conversion was developed to prepare 3D cage-like
magnetic N-doped Fe;0,@C adsorbent, using yeast cells and
potassium ferricyanide as raw materials. Introduction of yeast
cells not only enriches the N, C sources but also provides
a unique cage-like microstructure, which endows the resultant
products with significantly improved absorption performance.
RhB was employed to study the adsorption behavior and the
possible adsorption mechanism of N-doped Fe;0,@C for
comparison with a batch system. The experimental results
verified that the maximum adsorption capacity of 257.06 mg g~ *
was achieved for Fe;0,@C (1 :0.11), which was much better
than that of a PB-derived carbon material. Further, the spent
Fe;0,@C adsorbent was easily recovered by an applied
magnetic field and regenerated by PS activated photo-Fenton
reaction, which could be sustainably repeated 5 times without
a significant drop in activity, demonstrating good reusability
and stability of the adsorbent. In short, a novel easily con-
structed and practical N-doped Fe;O,@C microcage is a prom-
ising candidate for the dye-containing wastewater treatment.
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