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Lyophilization is used to prepare Fenton catalyst containing
predominant amount of isolated Fe* species with 8.90 % iron
content, which shows higher catalytic rate and H,0, utilization
efficiency but lower iron leaching in phenol degradation,
compared with the calcination sample.

Bio-recalcitrant wastewater has become a pervasive problem
afflicting people throughout the world due to negative impacts for
ecosystems and humans.™? Among abatement technologies for
wastewater, Fenton system is the most attractive method because
of its fast reaction rate, low toxicity, and simplicity to control.?
Nevertheless, a main drawback of Fenton reaction is the need of
stoichiometric amounts of iron salts.* To conquer the drawback,
various solid matrixes”® have been developed as heterogeneous
Fenton catalysts supports in recent decades. Zeolites are widely
used in catalysis due to their uniform, small pore size, large internal
surface area, flexible frameworks, and controlled chemistry.10
However, these iron oxide-containing zeolite materials suffer from
iron agglomeration and leaching (from 6 to 100wt %) in Fenton-like
reaction.™ Additionally, H,0, is an expensive commodity,12 and its
excess must be greatly reduced. But little attention is paid to the
utilization efficiency of H,0, in Fenton reaction.

It is established that the tetrahedrally coordinated and atomically
isolated [MO,] (M=Fe, Co, etc.) species play a favourable role in
zeolite catalysis.B'18 Ye et al.”® and Timofeeva et al.”* reported that
atomically isolated Fe®" sites exhibited higher catalytic activity than
small iron oxide clusters and particles and were responsible for the
iron anti-leaching during the catalytic reactions. Wang et al.’
pointed that the catalyst with predominant isolated cu® sites
manifested the most excellent catalytic activity and highest H,0,
efficiency in phenol hydroxylation process, whereas the one
containing the most copper oxide clusters showed the lowest rate
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and utilization efficiency of H,0,. In addition, zeolites containir~
isolated tetrahedral [Mn04]17 and [C004]18 species were active ..
selective catalytic oxidation or reduction. However, it was found
that only with low metal content (<2 wt. %) in these catalysts, ...

majority of total metal species were present in form of isolate
[MO,] (M=Fe, Co, etc.) sites.™*?

Freeze-drying is a drying method often encountered in fooc
processing as well as in the pharmaceutical industry usually f@ -
preservation purposes.20 Although there have been some
literatures on the application of freeze drying in cataly. t
preparation, the aim of lyophilization is to pretreat the catalyst
precursors and to control the nanoparticle distributior /
uniformity.zo’21 In this work, to the best of our knowledge,
lyophilization is first used to prepare Fenton catalyst containir 3
predominant amount of isolated Fe* species with 8.90 wt. % iron
content, which is the maximum metal content in catalys s
containing predominant amount of isolated metal sites so far.
Compared with the calcination sample, the lyophilization catalv~
shows higher catalytic rate and H,0, utilization efficiency but low.
iron leaching in phenol degradation.

Scheme 1 illustrates the preparation process. Catalyst precursor
with 8.90% iron content is firstly obtained through the blend of 1C >
4A zeolite and 500m| 2000mg/L FeCl; solution. Then the catalyst

¥ [FeOu

Scheme 1 Synthesis of F-55-48 and T500-6 catalysts and the
suppositional existence state of tetrahedral [TO,] (Fe, Al and ¢,
sites.
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precursor is lyophilized at -55°C for 48h and labelled as F-55-48. By
contrast, T500-6 is obtained through catalyst precursor calcination
at 500°C for 6h (Experimental details are available in ESIt). XPS
characterizations (Fig. S6, ESIT) provide detailed information about
the oxidation state of iron element, suggesting that only Fe®" exists
in all catalysts. Compared with neat surface of 4A zeolite (Fig. S4,
ESIT), the SEM images show the surface of the catalysts becomes
rough with iron loading on the zeolite (Fig. 1a, b). The TEM images
(Fig. 1c, d and Fig. S5a, b, c, ESIT) exhibit few iron oxide aggregates
in F-55-48 material but large amount of aggregates in T500-6 one
(Fig. 1e and Fig. S5d, e, ESIT). These iron aggregates display a lattice
spacing of 0.368nm (Fig. 1f), corresponding to the (012) plane, and
are attributed as a-Fe,03, in good parallel with the XRD analysis (Fig.
S3, ESI).

UV/Vis spectrum is extensively employed to characterize the
nature and coordination environment of iron species in iron-
containing silicate materials (Fig. 2). The comparison of the 4A
zeolite and iron-containing catalysts indicates that the enhanced
adsorption in catalysts arises from the presence of iron species. The
spectra can be divided into three parts: wavelengths at 200<A<300
nm, 300<A<400 nm and >400 nm." According to the Tanabe and
Sugano diagram,22 the two bands observed at ca. 209 nm and 276
nm are attributed to the t;—>t, and t;—>e transitions involving Fe*in
the [FeQ,] tetrahedral group, respectively. The bands at 300<A<400
nm are assigned to small oligomeric Fe,O, clusters inside pores and
bands >400 nm are assigned to large Fe,0; particles.19 According to

Fig. 1 SEM images of a) F-55-48, and b) T500-6. TEM images of c, d)
F-55-48 (inset: EDS element analysis) and e, f) T500-6 (inset:
exploded view (top) and EDS element analysis).
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Fig. 2 UV/Vis spectra of 4A zeolite, T500-6 and F-55-48 catalyst.

the Kubelka-Munk representation,23 it can be calculated roucs*’,
that about 85.87% Fe sites are isolated iron species in lyophilizea
catalyst but only 41.57% isolated iron sites remain in contrastive
sample. In addition, the transverse vibrations (Eu) at 450 cm
attributed to the Fe-O-Fe stretching mode®* appears in T500-6 bu.
not in F-55-48 material (Fig. S10a, ESIt). All these data, combine .
with the TEM images analysis, suggest that predominant amount ¢
iron species in F-55-48 are isolated iron sites but those in T5C” °
catalyst are iron oxide aggregates. The EPR spectra provide furthe:
evidence for predominated amount of isolated iron sites in F-55-4.
catalyst and iron oxides in T500-6 sample (detailed analysis in S3.4
part, ESIT). Additionally, the comparison of the metal content (<2 )
wt. %) with other literatures'***>'7192 suggests that this is the
maximum metal content (8.90 wt. %) in catalysts containir >
predominant amount of isolated metal sites so far.

The IR spectra (Fig. S10a, ESIT) confirm the external linkages « f
4A zeolite are destroyed, but the internal [TO,] (T=Si, Al) tetrahedral
primary units are still reserved. The XPS spectra (Fig. S10b, E" ,
demonstrate that 74.73% [AlO,4] primary building units still exist i,
F-55-48 sample but only 5.24% is remained in T500-6 catalyst (Table
1). Scheme 1 shows the suppositional existence state of [TO,] (T=Fr
Al and Si elements) units in different materials (detailed analysis 1.
S3.6, ESIT). The N, adsorption-desorption isotherms infer that th»
specific surface area of the as-prepared material with lyophilization
is 126.01m’ g'l, which is far larger than T500-6 sample (9.04 m’ g .
There appear mesopores (4.31 nm) in the F-55-48 catalyst where: 5
the mean-pore size of T500-6 is only 1.39 nm (Table 1).

Concerning the reason of the tremendous differences between ' -
55-48 and T500-6 material, the two steps in catalyst preparation

Table 1 Physical properties of 4A zeolite, F-55-48 and T500-6.

Surface area® [Al0,]/total Al

Samples 2 1 Pore size (nm)

(m“g™) (At. %/At. %)
4A zeolite  573.00 0.41 100.00%
F-55-48 126.01 431" 74.73%
T500-6 9.04 1.39 5.24%

[a] Obtained by BET measurement. [b] Calculated by BJH method. [’
Calculated by DFT analysis. [d] Obtained by XPS analysis (Se~
detailed analysis in S3.4 part, ESIT).
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process need to be analysed. Firstly, the crystalline structure of 4A
zeolite disappears after mixing with FeCl; solution (Fig.S2, ESIt)
because of the acid Ieaching25 and the exchange of AP and Fe*'
(detailed analysis in S5, ESIt). The acid leaching creates
mesopores10 and the ion exchange leads to [FeO,] tetrahedrons®® in
the precursor. Secondly, the lyophilization process only sublimates
the “ice template"27 insides pores and holds the mesoporous
structure, whereas high temperature forces not only the water out
of the pores but also framework iron and aluminium species into
extraframework clustered iron or aluminium oxides. The migration
leads to the decrease in the amount of tetrahedral [FeO,] and
[AlO,4] units in catalysts. And these forming clustered oxides species
obstruct the channels and result in the decrease of the specific
surface area and pore size of T500-6 catalyst.

The catalytic performance of as-prepared materials is evaluated
for the phenol degradation (Fig. 3). The adsorption study indicates
that there is no phenol adsorption on catalysts (Fig. S23, ESIt). In
Fig.3a, for F-55-48 catalyst, with initial pH=2.00, nearly 97.15% of
the phenol is degraded within 13.5 min, whereas 110 min is needed
for T500-6 to achieve the same degradation efficiency. This results
from the difference of induction period16 which is the unique
feature of radical-type mechanism confirmed by tert-butanol and
DMS0*® quenching experiments (Fig. S14, ESIt). The induction
period is an activation process of iron species29 and shorter
induction time infers higher catalytic activity of F-55-48 catalyst
(detailed mechanism in S6.3, ESIt). Phenol degradation under
different pH conditions verifies again the high catalytic activity of F-
55-48 catalyst (Fig. S15, ESIT). We further confirm the effectiveness
of lyophilization in catalyst preparation by the comparison of other
freeze-dried and calcination catalysts (Fig. S18a, ESIT).
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Fig. 3 (a) Phenol degradation in the presence of F-55-48 and T500-6
catalysts. (b) The influence of the absence or presence of phenol on
H,0, degradation with different catalysts: bl) no phenol, F-55-48;
b2) no phenol, T500-6; b3) phenol, T500-6; b4) phenol, F-55-48. Red
arrow indicates the time of phenol complete degradation. (c) Iron
leaching in phenol degradation with different catalysts. (d)
Successive recycling experiment of F-55-48 for phenol degradation
at initial pH=6.30. Other conditions: Phenol=200 mg/L, 100 mL;
H,0,/Phenol=12.75 (molar ratio); Catalyst=0.10 g;
pH=2.0010.01; T=25 °C
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During phenol degradation, the concentration of H,0, is detec.c .
to study the H,0, utilization efficiency. Fig.3b shows the change .
residual H,0, concentration in phenol degradation with differei
catalysts. In the presence of phenol, after phenol comp’a
degradation, one can observe that residual H,0, concentration
higher with F-55-48 than the one with T500-6 (Fig.3b, b3 and b4)
This infers that F-55- 48 shows higher H,0, utilization efficien: /
than T500-6. To shed light on this reason, we perform twin
experiments in which the degradation of H,0, in the absence f
phenol by F-55-48 and T500-6 (Fig.3b, bl and b2). The twin
experiments uncover T500-6 catalyst containing large amount or
iron oxide aggregates disproportionates hydrogen peroxide into
non-productive oxygen molecular, which leads to the low H,(,
efficiency. The other results indicate that all lyophilization catalys’
exhibit higher H,0, efficiency than calcination samples as outline
in Table S3.

The stability of freeze-dried catalysts is evaluated by
measurement of iron leaching and successive recycling experiment.
Fig. 3¢ shows the average iron leaching of F-55-48 catalyst is arc -
1.14mg L in phenol degradation process, whilst the value of T500-
6 catalyst is 2.37mg L™ Similarly, the other lyophilization catal"-*-
exhibit lower iron leaching in catalytic process (Fig. S18b and Tab
S1, ESIT). This means that the freeze-dried samples may have better
stability than calcination catalysts. Six successive recyclir 2
experiments are carried out at initial pH=6.30 (Fig.3d) and the
experiment results and the characterizations of used cataly.t
(detailed information in S8, ESIT) further show good stability of
55-48 catalyst. However, T500-6 catalyst appears poorer stabili.,
for phenol degradation in three successive tests (S10, ESIT).

As mentioned before, the freeze-dried catalysts hav.
predominant amount of isolated Fe®' species with 8.90% irc .
content and the isolated Fe®* sites have highly catalyti.
performance, so it can be supposed that the presence «
predominant amount of isolated iron species is the dominar.
reason why lyophilization catalysts display superior catalytic
performance than calcination ones. Besides, the generatior. ~f
mesopores30 and larger specific surface area, and more tetrahedral
[AIO,] sites®™™®
enhanced catalytic activity. Besides, the fact that catalysts prepare 4

in lyophilization materials may be beneficial to its

at room temperature show weak catalytic performance for phen .
degradation due to their poor dispersion in reaction mediu
further manifests the advantages of lyophilization in cataly
preparation (more information in S7, ESIt).

In conclusion, lyophilization is used to prepare Fenton catalys?
containing predominant amount of isolated Fe®' species with 8.9¢°
wt. % iron content, which is the maximum metal content
catalysts containing predominant amount of isolated metal sites so
far. Compared with calcination catalysts, the as-prepared sam Ies
exhibit higher catalytic degradation rate and H,0, efficiency
phenol but lower iron leaching in catalytic reaction. Th
lyophilization method only removes the water in catalyst precurso:
and reserves predominant amount of isolated iron sites which pla -
a key role in enhancing catalytic performance. Nevertheless, the
migration of isolated iron/aluminum sites caused by calcinatic
from framework positions to extraframework clusters or particles
leads to disadvantages. This study identifies a promising ne
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strategy for engineering practical
remediation.
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