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Meso-ZSM-5 modified by polyethyleneimine has been found
to be an excellent support for iron oxide with improved
physicochemical properties of iron oxide particles including
size and chemical state. The resulting ZSM-5 encapsulated
iron nanoparticles exhibit superior catalytic activity for
phenol oxidation.

Advanced oxidation processes (AOPs), as effective methods for
destruction of the organic contaminants present in the wastewater, draw
much attention nowadays in the wide range of investigations.! Owing to
their unique catalytic performance, iron-based materials together with
hydrogen peroxide constitute important AOPs system.? Development of
a strategy to control the properties or features of iron-based catalysts
including Fe*"/Fe?" ratio and dispersion which determine the catalytic
efficiency is of great significance.

Since the iron-based heterogeneous catalyst was first introduced in
1996°, various molecular sieves including microporous zeolites,
mesoporous material (SBA-15°, MCM-41°) and metal organic
frameworks (MOFs)®, have been developed as iron supports. Compared
with the latter two supports, zeolite-supported iron shows higher
catalytic activity due to its approximate acidity which is beneficial for
the adsorption of the organics’. However, the supported iron in most
cases remains on the outer surface of the zeolite as bulky materials®
which decrease the iron dispersion. Recently, mesoporous zeolite has
been developed as a support to decrease the metal particle size’.
However, the chemical nature of iron species (e.g. Fe*'/Fe*" ratio) is
hardly controlled by conventional impregnation method.

Herein, a facile synthesis strategy was designed for enhancing the
dispersion as well as adjusting the chemical state of iron (Fig. 1a). By
using mesoporous zeolite modified with polyethyleneimine (PEI) as a
support, iron particle size was decreased through amine immobilization
which prevents the iron precursor migrating during thermal treatment.
At the same time, the thermal decomposition of PEI is accompanied
with a redox process leading to the transition from Fe** to Fe*', which

shows excellent performance in phenol degradation'.
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Besides PEI/meso-ZSM-5 composite, two other supports were used
in this work as a benchmark, including micro-ZSM-5, meso-ZSM-5,
which were prepared through hydrothermal synthesis'' and alkaline
treatment'?, respectively. Through incipient wetness impregnation
method using aqueous solutions of iron nitrates (Fe(NO;);°9H,0), three
catalysts with 5 wt% Fe loading were prepared. The as-prepared
catalysts were coded by P, AT, and N600, all went through the same
thermal treatment at 873 K for 3 h in N». Fig. 1b shows the STEM
image of sample P, it can be seen that iron particle with ca. 40 nm on
the surface of ZSM-5. When using meso-ZSM-5 as a support, iron
1c) which attributed to the
increased external surface area (Table S1). Upon using PEI modified

particle size clearly decreased (Fig.

meso-ZSM-5 as a support; the iron particle size was further decreased,
as can be seen from Figs. 1d, and le.

N600

Fig. 1 (a) Process of N600 preparation, (b, ¢, d) STEM images of P, AT and N600O,
respectively, (e) TEM-EDS image of N600. Red color represents iron.

The XRD patterns of P, AT and N600 are shown in Fig. S1 which
clearly exhibit MFI diffraction peaks of ZSM-5. The diffraction peaks
at around 33.2° and 35.7° 26 of sample P indicate the existence of a-
Fe,0s, the particle size calculated from surface [104] and surface [110]
by the Scherrer equation is 22.2 nm and 40.4 nm, respectively. While
sample AT and N600 show the absence of those diffraction peaks
which point to the highly dispersed iron, in line with the STEM images.
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Fig. S2 shows the Ar adsorption/desorption isotherms of those catalysts.

Compared with sample P, the isotherms of AT and N600 exhibit a steep
increase from P/P;=0.6 to P/Py=1, which is the evidence of the presence
of mesopores. The external surface area of AT and N600 are 240 and
222 m%g, respectively, which is almost twice of P (125 m%g).
Furthermore, AT and N600 possess mesopore of around 10 nm (inset of
Fig. S2).

To investigate the reducibility of sample P, AT, and N600, H,-TPR
experiments were conducted (shown in Fig. S3). For sample P, the H,
consumption peaks correspond to the combined Fe** and (or) o-Fe,O;

nanoparticles to Fe®®*

(al) with intermediate valence as that in Fe;O4
and then to Fe®* (a2). At higher temperature, the peaks represent partial
reduction of Fe** to Fe’ (a3, a4)."* Sample N600 shows the decrease of
H, consumption peak above 773 K and shift to a lower temperature,
which is attributed to the strong interaction between iron oxide
nanoparticles and the support. On the other hand, compared with AT,
the H, consumption of N600 decreased, which can be attributed to
previously transition from Fe,O; to Fe;O, during the preparation of

thermal treatment.
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Fig. 2 *’Fe Mossbauer spectroscopy of (a) P, (b) AT, (c) N600.
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The Fe 2p XPS spectra of P, AT, and N600 are shown in Fig. S4. It
clearly shows that sample P has higher intensity of Fe 2p, while sample
AT shows weakest Fe 2p intensity. Considering that the detection depth
of XPS is limited to about 2 nm, the content of iron located on the outer
surface of sample AT is much lower than sample P and N600. From the
deconvolution of the Fe 2p XPS spectra of Fe 2P, peaks which
centered at 710.8 eV and 708.5 eV are attributed to Fe*" and Fe*,
respectively. For sample P, only one distinct peak centered at 710.8 eV
was observed, indicating that iron in sample P is present only as Fe*"

and, therefore, the iron oxide species is F €,05."* In the case of sample
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N600, two distinct peaks are present indicating the coexistence of Fe*"
and Feé’ * confirming the existence of Fe;O4 species.

To further investigate the metal oxide species of the three samples in
our work, *’Fe Mossbauer spectra of sample P, AT and N600 are shown
in Fig. 2, with the hyperfine interaction parameters summarized in
Table S2. The peak type can reflect the particle size by determining
whether the iron oxide particle is superparamagnetic or not. When the
particle size of the iron oxide is below a critical point, super
paramagnetic phenomenon converts the peak to a sextet. Contrarily,
above the critical point the peak presents as a doublet. On the other
hand, the 57Fe Mossbauer parameter can reflect the metal species
according to the literature'®. In the case of sample P, the Mossbauer
peak of IS = 0.38 mm/s and QS = -0.21 mm/s are in agreement with
those values for a-Fe,Os in the form of a sextet.'> For sample AT, peaks
of a-Fe,Os in the form of both a sextet and a doublet'® are observed
simultaneously with the sextet relative intensity (RI) decreasing from
100 % to 41.2 %. The doublet, with *’Fe Mossbauer parameters of IS
= 0.34 mm/s and QS = 0.82 mm/s, accounted for about 58.8%. This
change from sextet to doublet is due to the decrease in particle size,
which has been confirmed by STEM and XRD. As for sample N600,
the particle size is further minimized because the RI of the sextet
further decreased to 22.6% and *’Fe Mossbauer parameters of IS = 0.31
mm/s and QS = -0.05 mm/s are attributed to F e30,."° This indicates that
PEI did have a positive impact on minimizing the particle size as well

as reducing the iron oxide.
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Fig. 3 The phenol degradation catalyzed by samples P, AT, and N600. Reaction
conditions: n(H,0,):n(phenol)=14, C(phenol)=1g/L, C(H,0,)=0.69 M, pH=6.2,
Temperature (a) 308 K, (b) 338 K.
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The initial catalytic activity of the prepared samples was evaluated
for phenol degradation reaction. As shown in Fig. 3, the initial catalytic
activity of P and AT was lower than that of N600, which is attributed to
the increased content of Fe*" as well as the minimized nanoparticle size.
Sample AT exhibited a smaller iron oxide size compared with P. The
reaction temperature has a great influence on the catalytic oxidation. As
shown in the inset of Fig. 3, when the temperature was increased from
308 to 338 K, the advantages of the minimized particle size begin to
appear, where sample AT shows a much higher catalytic activity than
sample P. It is the minimized particle size that made the catalytic
difference of P and AT, and the reduction of iron by PEI led to the great
catalytic difference of N600 at lower temperature. Meso-ZSM-5 has the
effect on minimizing the particle size of iron oxide, meanwhile, the
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presence of PEI can enhance this effect by preventing Fe(NOs); from
migrating as well as reducing of Fe’* during the thermal treatment
preparation.

In summary, PEI has been successfully used for the first time to
fabricate catalyst with superior activity in phenol oxidation. By using
meso-ZSM-5 modified with PEI as a support, iron particle size has been
decreased through amine immobilization which prevented the iron
precursor migrating during thermal treatment. At the same time, the
thermal decomposition of PEI is accompanied with a redox process
leading to the transition from Fe** to Fe®', which is good for the
enhancement of catalytic property in phenol oxidation.

Our work provides a guide for improved impregnation process using
low melting point metal precursor with minimized particle size and the
transition metal oxide with adjustable

facile preparation of

physicochemical state.
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