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Abstract: The oxidation of benzene to phenol (BTOP) with N2O as the oxidant has been studied with
a variety of Fe/ZSM-5 catalysts. The literature has conclusively proven that Fe2+ sites are the active
sites. However, some studies have suggested that the Lewis acidic sites (LAS) are responsible for the
generation of the active chemisorbed oxygen. Nevertheless, there is no clear relationship between
the LAS and the N2O selectivity to phenol. In an effort to elucidate the effects of LAS on BTOP with
various ZSM-5 catalysts, we investigated the initial N2O selectivity to phenol. Here we show that the
initial N2O selectivity to phenol is negative with the amount of LAS over a certain range. The catalyst
H-ZSM-5-ST (H-ZSM-5 treated with water vapor) showed a remarkable initial N2O selectivity to
phenol as high as 95.9% with a 0.021 mmol g−1 LAS concentration on the surface of the catalyst,
while the Fe/ZSM-5 catalyst demonstrated the lowest initial N2O selectivity to phenol (11.7%) with
the highest LAS concentration (0.137 mmol g−1). Another remarkable feature is that steaming was
more effective than Fe ion exchange and high temperature calcining. The samples were characterized
by X-ray diffraction (XRD), scanning electron microscope (SEM), N2-adsorption-desorption, UV-vis,
NH3-TPD and pyridine Fourier transform infrared (FT-IR) techniques. Our results demonstrate how
the concentration of LAS is likely to affect the initial N2O selectivity to phenol within a certain range
(0.021–0.137 mmol g−1). This research has demonstrated the synergy between the active Fe2+ sites
and LAS.
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1. Introduction

Phenol, which is an important organic chemical intermediate and raw material, is mainly used
in the manufacture of phenolic resin, bisphenol A, and caprolactam. Nowadays, a commonly used
industry process for developing phenol and acetone from benzene and propylene is the cumene
process [1]. However, this process has the obvious disadvantage that phenol and acetone are used in a
1:1 ratio with the price of acetone heavily depending on the market demand. The market demand of
acetone is smaller than that of phenol, which in terms of the market price of phenol is deeply influenced
by that of the co-produced acetone. Thus, a more economical and environmentally friendly route is
urgently needed. One route is suggested by the oxidation of benzene to phenol (BTOP) with nitrous
oxide in one step as published by Iwamoto in 1983 [2]. In Iwamoto’s research, V2O5/SiO2 was used as
the catalyst for the BTOP reaction. Later, a commonly used catalyst for the reaction is the H-ZSM-5
zeolites [3–5]. Recently, in order to improve on the activity of the H-ZSM-5 zeolites, Fe-ZSM-5 has
been introduced. Iron for this catalyst can be supplied in various ways. Meloni et al. [6] discovered
that in the total absence of Fe virtually no activity was observed. Igor et al. [7] studied Fe/ZSM-5 with
a wide range of Fe content (0.015–2.1 wt.%) in the hydroxylation of benzene to phenol with nitrous
oxide at low temperatures, and they found that both mono- and oligo-nuclear Fe(II) sites seem to be
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responsible for the Fe/ZSM-5 activity in benzene hydroxylation. Further work was carried out by
Krishnan et al. [8] as they differentiated three different types of Fe sites and concluded that benzene
was oxidized into phenol with nitrous oxide over mononuclear Fe sites, while the reduction of NOx to
N2 with ammonia over binuclear Fe sites or the combustion of organic molecules to CO2 and H2O
over hydrocarbons and Fe-oxide nanoparticles. Due to the superior properties of this catalyst, much
research has focused on the role of Fe ion in BTOP reaction.

Pore size in the catalyst also plays a role in reactivity. The zeolite H-ZSM-5 has abundant
micropores (0–2 nm), which strongly limit mass transfer of both the reactant benzene and the product
phenol, the formation of coke leads to rapid catalyst deactivation [9–12]. In an attempt to achieve the
improvement in the mass transfer limitations of the microporous zeolites catalysts, post-treatments
such as steam and acid treatment for dealumination have been applied to generate mesopores (2–50 nm)
in zeolites [9,13–15]. For example, Xin et al. [16] reported synthesis of a highly active hierarchical
Fe/ZSM-5 zeolite catalyst that strongly enhances the lifetime in benzene hydroxylation to phenol.
In another approach, Koekkoek et al. [9] utilized a di-quaternary ammonium surfactant to synthesize
hierarchical Fe/ZSM-5 zeolites consisting of thin sheets limited in growth in the b-direction which
improved catalytic performance.

Because most of the attention was focused on the roles of Fe ions and mesopores, there was little
research on exploring the changes of acidity induced by post treatment. For example, Jia et al. [8]
proposed that steam treated Fe/ZSM-5 (Fe/ZSM-5-ST) was used as catalyst, and Lewis acidic sites
(LAS) were the active sites, without studying the detailed differences of acidity before and after
steam treatment. To resolve this question, we carried out a systematic exploration about the amount,
the type and the intensity of acid before and after steam treatment. Currently, steam treatment is
used to improve the performance of the H-ZSM-5 catalyst for the hydroxylation of benzene to phenol,
resulting in enhanced activity and stability for the hydroxylation reaction. Steam treatment leads to
great changes in the amount, the type, and the intensity of acid. Therefore, in this study we estimated
the physicochemical properties of catalysts by means of X-ray diffraction (XRD), scanning electron
microscope (SEM), N2 adsorption-desorption and UV-vis. Temperature-programmed desorption
of ammonia (NH3-TPD) and pyridine Fourier transform infrared (FT-IR) spectra were applied to
study the properties of acid. Finally, the performance of the Fe/ZSM-5-ST catalyst in the benzene
hydroxylation to phenol reaction was investigated.

2. Results and Discussion

2.1. Physicochemical Properties of Catalysts

The wide-angle XRD patterns (Figure 1 and Figure S1) show that the intrinsic lattice structure of
the MFI topology is observed in all the samples, and there is no α-Fe2O3 diffraction peak (reflections at
2θ = 33.2◦ and 35.7◦) [17] nor any other iron oxides observed because the amount of Fe is too low [18].
However, the intensity of the Fe/ZSM-5 decreased with the addition of Fe due to the higher X-ray
absorption coefficient of Fe compounds [19]. And the samples with high temperature water vapor
steaming treatment showed a lower intensity due to the removal of Al from the zeolite framework [20].
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Figure 1. X-ray diffraction (XRD) patterns of (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and (d) 
Fe/ZSM-5-ST. 

The representative SEM images in Figure 2 show that the crystal size (ca. 300 nm) of H-ZSM-5 
changed slightly after controlled ion exchange of Fe(NO3)3, while smaller size particles occur around 
the zeolite after steam treatment. 

 

Figure 2. Scanning electron (SEM) images of (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and (d) 
Fe/ZSM-5-ST. 

N2 adsorption and desorption isotherms of the conventional H-ZSM-5, Fe/ZSM-5, H-ZSM-5-ST 
and Fe/ZSM-5-ST samples are presented in Figure 3A. The comparative curves of the pore-size 
distribution, which are calculated from adsorption isotherms using the density functional theory 
(DFT) model, are shown in Figure 3B. BET surface area and total pore volume are given in Table 1. 
As shown in Figure 3A, all the four samples exhibit isotherms with mixed types, Type I and Type IV, 
according to the International Union of Pure and Applied Chemistry (IUPAC) classification. 
Predominant adsorption ended below P/P0 = 0.02 (due to micropore filling or capillary condensation) 
and a hysteresis loop extended from P/P0 = 0.4 to ~1 (associated with the presence of large mesopores 

Figure 1. X-ray diffraction (XRD) patterns of (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and
(d) Fe/ZSM-5-ST.

The representative SEM images in Figure 2 show that the crystal size (ca. 300 nm) of H-ZSM-5
changed slightly after controlled ion exchange of Fe(NO3)3, while smaller size particles occur around
the zeolite after steam treatment.
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Figure 2. Scanning electron (SEM) images of (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and
(d) Fe/ZSM-5-ST.

N2 adsorption and desorption isotherms of the conventional H-ZSM-5, Fe/ZSM-5, H-ZSM-5-ST
and Fe/ZSM-5-ST samples are presented in Figure 3A. The comparative curves of the pore-size
distribution, which are calculated from adsorption isotherms using the density functional theory (DFT)
model, are shown in Figure 3B. BET surface area and total pore volume are given in Table 1. As shown
in Figure 3A, all the four samples exhibit isotherms with mixed types, Type I and Type IV, according
to the International Union of Pure and Applied Chemistry (IUPAC) classification. Predominant
adsorption ended below P/P0 = 0.02 (due to micropore filling or capillary condensation) and a
hysteresis loop extended from P/P0 = 0.4 to ~1 (associated with the presence of large mesopores
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arising from textural mesoporosities) as present in all samples, there are other unique features in
the isotherms of H-ZSM-5-ST and Fe/ZSM-5-ST samples. One of these features is a pore filling step
at P/P0 ~0.2, which is not observed for ZSM-5 without water vapor treatment, ascribable to pore
filling into supermicropores or small mesopores [21,22]. Furthermore, the pore size distribution curves
presented in Figure 3B show mesopores over a narrow distribution of mesopore diameter centered
at 2.7 nm. Both Fe/ZSM-5 and H-ZSM-5 samples show sharp uptakes in the adsorption capacity at
low pressures and end at almost the same adsorption levels, suggesting that the two samples have
similar amounts of micropores with the same supermicropore diameter with a median of 1.3 nm.
This illustrates that the controlled ion exchange does not affect the crystallinity, and thus the intrinsic
micropores were well preserved [23]. Both the H-ZSM-5-ST sample and the Fe/ZSM-5-ST sample have
a decrease in the number of the micropores, especially the latter one, indicating changes caused by
water steam treatment [22,24].

Table 1. The pore distribution properties of H-ZSM-5, Fe/ZSM-5, H-ZSM-5-ST and Fe/ZSM-5-ST.

Samples
Surface Area (m2 g−1)

Smeso
b/Smicro

c
Pore Volume (cm3 g−1)

Vmeso
e/Vmicro

f

SBET
a Smeso

b Smicro
c Vtot

d Vmeso
e Vmicro

f

H-ZSM-5 337 87 250 0.35 0.24 0.14 0.11 1.27
Fe/ZSM-5 336 92 244 0.38 0.24 0.14 0.11 1.27
H-ZSM-5-ST 240 116 124 0.93 0.26 0.17 0.09 1.89
Fe/ZSM-5-ST 196 92 104 0.88 0.28 0.18 0.10 1.80

a BET surface area; b Smeso = SBET-Smicro; c t-plot micropore surface area; d Pore volume at P/P0 = 0.99;
e Vmeso = Vtot-Vmicro; f t-plot micropore volume.
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Figure 3. (A) N2 adsorption/desorption isotherms and (B) the corresponding pore-size distribution as
derived from N2 sorption (DFT on the adsorption branch) of (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-ST
and (d) Fe/ZSM-5-ST.

The decreased BET surface areas and pore volume is presented in Table 1. H-ZSM-5 and Fe/ZSM-5
have very similar BET surface areas, 337 and 336 m2 g−1, respectively. For H-ZSM-5-ST, the mesoporous
surface area is 109 m2 g−1, and the mesoporous volume is 0.12 cm3 g−1, while the values for
Fe/ZSM-5-ST are 93 m2 g−1 and 0.09 cm3 g−1, respectively. However, the gain in mesoporosity
and the value of Smeso

b/Smicro
c and Vmeso

e/Vmeso
f is accompanied by a loss of microporosity. As the

microporous areas of H-ZSM-5 and Fe/ZSM-5 are 250 and 244 m2 g−1, the microporous surface areas
decreased to 124 and 104 m2 g−1 for H-ZSM-5-ST and Fe/ZSM-5-ST after water vapor treatment.
The microporous volume also decreases with the generation of mesopores, with changes of the pore
structure. It is obvious that the value of Vmeso

e/Vmeso
f has a prominent increase, from 1.27 to ~1.80.

H-ZSM-5-ST and Fe/ZSM-5-ST demonstrate a loss of micropore volume with an increase of mesopore
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volume. As it is known that catalysts with higher meosoporosity are likely to have longer endurance
in the catalytic reactions, the mesopores can offer not only reaction interface, but also a diffusion path
for mass transfer [9,16,25]. A suitable match between the micropores and mesopores is probably one
of the factors that benefit the reaction.

As shown in Figure 4, the Fe/ZSM-5 sample exhibits one dominant absorption band at 249 nm
with some poorly resolved bands at 228, 325, 480, and 545 nm, while Fe/ZSM-5-ST predominantly
features two bands at 249 and 325 nm, respectively. According to the results from the literature [26–29],
the bands at 228 and 249 nm are assigned to the oxygen-to-iron charge transfer transition of isolated
Fe3+ in tetrahedral coordination in the framework. Octahedral ferric species in small oligonuclear
clusters are characterized by absorptions around 325 nm [30]. The shoulder centered at 480 nm is
associated with Fe2O3 nanoparticles at the external surface of the zeolite crystal, while the shoulder
centered at 545 nm is ascribed to bulk forms of iron oxide [9,26]. With Fe/ZSM-5, the intensities
of bands, one of which is between 300 and 400 nm, and another one of which is above 400 nm are
much lower for Fe/ZSM-5-ST. It can be concluded that the increase of isolated Fe ions in tetrahedral,
higher coordination and oligomeric Fe(III)xOy clusters is due to the decrease of the aggregates Fe2O3

nanoparticles (see Table 2) after steam treatment.
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Figure 4. UV-vis spectra of Fe/ZSM-5 and Fe/ZSM-5-ST.

Table 2. Percentage of the area of the bands (A1 at λ < 300 nm, A2 at 300 < λ < 400 nm and A3

at λ > 400 nm) estimated by deconvolution of the UV-vis spectra of the catalysts.

Samples A1
a [%] A2

b [%] A3
c [%]

Fe/ZSM-5 20 52 28
Fe/ZSM-5-ST 35 54 11

a Isolated Fe(III) ions in tetrahedral and higher coordination; b Oligomeric Fe(III)xOy clusters;
c Aggregated Fe2O3 particles.

2.2. Catalysts Acidity

To evaluate the change in the acidic properties of different materials, the acidity of the studied
samples was estimated on the groups of TPD of ammonia and pyridine-FTIR. As presented in Figure 5,
the NH3-desorption profile exhibits a broad band at the range of 313-873 K. H-ZSM-5 exhibits two
desorption peaks at about 400 and 683 K, corresponding to the weak acidic sites and strong acidic
sites, respectively [31]. With the ion exchange of Fe(NO3)3, the low-temperature peak migrates to
lower temperature, suggesting that the acid strength become weaker probably because of the weaker
acidity of Fe–OH–Si [32], and the amount weak acidic sites for Fe/ZSM-5 decrease with ferric species
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incorporation into the ZSM-5 framework [33]. Both H-ZSM-5-ST and Fe/ZSM-5-ST samples show
much less acid amounts than samples without water steam treatment in Table 3, due to the serious
dealumination of zeolite framework [34]. As we can also see that H-ZSM-5 exhibits a shoulder centered
at 475 K has been attributed to NH3 weakly adsorbed on Brønsted acid sites [35]. The intensity of
the peak at 473 K for Fe-ZSM-5 sample also decreases with Fe loading, supporting the attribution
of this peak to weak Brønsted acid sites [36]. Thus, the shoulder belongs to the weak acid sites, too.
Moreover, the amount of strong acidic sites related to H-ZSM-5-ST is 0.25 mmol gcatal

−1, which is
much lower than 1.13 mmol gcatal

−1 belonging to H-ZSM-5. And the amount of strong acidic sites
related to Fe/ZSM-5-ST is 0.37 mmol gcatal

−1, which is much lower than 1.05 mmol gcatal
−1 attributing

to Fe/ZSM-5. Furthermore, the quantity of weak acidic sites of H-ZSM-5-ST is 0.24 mmol gcatal
−1,

which is almost six times lower than 1.70 mmol gcatal
−1 of H-ZSM-5-ST, and the quantity of weak

acidic sites of Fe/ZSM-5-ST is 0.52 mmol gcatal
−1, which is obviously 1 time less than 1.33 mmol

gcatal
−1 of Fe/ZSM-5-ST. From Table 3, it can be concluded that the order of total amount of acidic

sites is: H-ZSM-5 > Fe/ZSM-5 > Fe/ZSM-5-ST > H-ZSM-5-ST. Although the total acidic sites reduce
because of water vapor treatment, the total quantity of Fe/ZSM-5-ST owns a higher value compared
to H-ZSM-5-ST. This is attributed to the existence of Fe species, which enhances the stability of acidic
sites during the water vapor treatment [37,38].
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Figure 5. NH3-TPD spectra of the catalysts: (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and
(d) Fe/ZSM-5-ST.

Table 3. Acidity of H-ZSM-5, Fe/ZSM-5, H-ZSM-5-ST and Fe/ZSM-5-ST estimated on the groups of
NH3-TPD profiles and from activity for reaction.

Samples Total Acidity
(mmol gcatal

−1)
Weak Acidity

(mmol gcatal
−1)

Strong Acidity
(mmol gcatal

−1)

H-ZSM-5 2.83 1.70 1.13
Fe/ZSM-5 2.38 1.33 1.05

H-ZSM-5-ST 0.49 0.24 0.25
Fe/ZSM-5-ST 0.89 0.52 0.37

The acid property is further tested by pyridine adsorbed FTIR spectra in Figure 6 (The acid
property of calcined samples is presented in Figure S2 and Table S1). The spectra recorded
after outgassing at 423 K and 573 K represent the total and strong acidic sites, respectively [39].
The 1540 cm−1 band is assigned to the vibration of pyridine molecules chemisorbed on Brønsted
acidic sites (BAS), while the bands centered around 1450 cm−1 is correspond to the Lewis acidic sites
(LAS). The 1490 cm−1 band contributed to the pyridine molecules chemisorbed on both Brønsted and
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Lewis acidic sites. The intensities of the band centered at 1540 cm−1 decrease after Fe ions-exchanged,
which is opposite to that of the band centered at 1450 cm−1 [24,40]. Moreover, it descends sharply
after water vapor treatment. Furthermore, the lower peak presented at 573 K illuminates that high
temperature steamed catalyst persists certain acidic sites of which the intensity is rather low. This result
is in accordance with the results from NH3-TPD. And the lower peak according to 1540 cm−1 compared
to 1450 cm−1 elucidates that BAS loses more acidic sites when compared to LAS. The number of acidic
sites for each sample, obtained from the corresponding integrated area of the absorbance peaks
at 1540 and 1450 cm−1, are given in Table 4. The BAS amount of Fe/ZSM-5 is less than that of
H-ZSM-5, especially, the total Brønsted acid amount, which is obtained through pyridine desorption
at 423 K is 0.22 mmol g−1, one folder lower than 0.46 mmol g−1, whereas the total Lewis acidity
is 0.14 mmol g−1, much higher than 0.05 mmol g−1. As a consequence, the ratio value of B/L
(BAS/LAS) according to Fe/ZSM-5 is 1.57, which is five times lower than 9.20 owning to H-ZSM-5.
As a result, the changes related to the acidic sites properties and intensities is due to the Fe species,
which monitors the ratio of B/L, because some ferric species interact with the oxygen of the bridging
hydroxyl groups by replacing the protons (ion-exchange effect) [37]. One is noteworthy is that
when experiencing water vapor treatment, H-ZSM-5-ST and Fe/ZSM-5-ST lose almost all their initial
BAS (tetrahedral-coordinated aluminum) due to the serious removal of framework aluminum of
zeolite [33,41,42], hence, the prepared H-ZSM-5-ST and Fe/ZSM-5-ST own precious few BAS and
certain amount of LAS with its acid strength decreasing, coinciding with the results from Jia et al. [8].
In addition, the agglomeration of the extra-framework Al to clusters exposing lower Lewis acidity
after after steaming [43]. Clearly, visible is that the weak effect on LAS and the strong effect on BAS
result in the reduction of B/L with a certain treatment, thus the steaming can regulate and control
the value of B/L. These results clearly indicate that Fe ions-exchanged and high temperature steam
treatment result in the changes of acidity including the amount, the intensity, and the ratio of B/L,
moreover, the effect of steaming is more obvious. Based on the fact that benzene hydroxylation over
ZSM-5 zeolite catalysts is a typical solid-acid catalytic reaction, and the microscopic acidic properties
play a crucial role for its catalytic performance [42,43].

Figure 6. Pyridine FTIR spectra on (a) H-ZSM-5, (b) Fe/ZSM-5, (c) H-ZSM-5-ST and (d) Fe/ZSM-5-ST.
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Table 4. Acidity properties from the Py-FTIR analysis for catalysts H-ZSM-5, Fe/ZSM-5, H-ZSM-5-ST
and Fe/ZSM-5-ST.

Samples
423 K (Total) (mmol g−1)

B/L
573 K (Strong) (mmol g−1)

B/L
Brønsted a Lewis a Brønsted Lewis

H-ZSM-5 0.46 0.05 9.20 0.16 0 –
Fe/ZSM-5 0.22 0.14 1.57 0.09 0.02 4.50
H-ZSM-5-ST 0.04 0.02 2.00 0 0 –
Fe/ZSM-5-ST 0.02 0.03 0.67 0 0 –

a Determined by FTIR spectra of absorbed pyridine.

2.3. Catalyst Performance in Benzene Hydroxylation Reaction

The catalytic performances of phenol yield over all four samples were evaluated on a continuous
flow fixed-bed stainless tube reactor at 698 K and the indexes are detailed in Figure 7. The N2O
conversion, phenol selectivity and yield evolution, which is regarded as a function of reaction time
show all the four samples’ performance during benzene hydroxylation to phenol reaction.
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−1 h−1.

Figure 7A presents the conversion of N2O with time on stream. It can be clearly seen that the
N2O conversion follows the order Fe/ZSM-5 > Fe/ZSM-5-ST > H-ZSM-5-ST > H-ZSM-5. Fe/ZSM-5
catalyst showed a full N2O conversion (100.0%) from the beginning to steady stage. On the other hand,
Fe/ZSM-5-ST catalyst keeps a value of 100.0% at the initial time, and it falls rapidly down to 78.8%
with time on steam (TOS). H-ZSM-5-ST also has a N2O conversion with its value stays around 47.2% at
the initial time, and it goes down gradually to 42.7% Additionally, H-ZSM-5 has a different discipline,
with a N2O conversion declining from 28.0% to around 3.0%, thus, it can be speculated that the N2O
conversion can be improved using different methods including ion-exchange and high temperature.
Moreover, the N2O conversion reflects a tight relationship with the ferric species.

As Figure 7B shows, at the beginning period, the initial selectivity to phenol amounts boost
to 70.2%, 95.9%, and 78.8% for the H-ZSM-5, H-ZSM-5-ST and Fe/ZSM-5-ST samples, respectively,
much higher than that of Fe/ZSM-5 (11.7%) with an order of H-ZSM-5-ST > Fe/ZSM-5-ST > H-ZSM-5
> Fe/ZSM-5. Notably, a sharp drop from 70.2% to 0.1% is observed over H-ZSM-5 with reaction
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proceeding. Conversely, H-ZSM-5-ST and Fe/ZSM-5-ST exhibit similar time-on-steam behavior,
in which the stability and phenol selectivity are higher than H-ZSM-5 and Fe-ZSM-5, respectively.
However, both selectivity declines rapidly after 90 min.

Figure 7C gives the yield toward phenol in all cases. Firstly, the yield of H-ZSM-5 and Fe/ZSM-5
are predominantly low with the significantly short lifespan. It is generally accepted that deactivation of
zeolite catalysts in the benzene hydroxylation to phenol reaction mainly originates from coking [8,16,44,45].
Accordingly, the deactivation of oxidation of benzene to phenol is attributed to the coke deposits [9,45,46].
Combined the N2 sorption experiments, it is noteworthy that H-ZSM-5-ST and Fe/ZSM-5-ST contain
close mesopore volume and the ratio value of Vmeso/Vmicro, which are higher than those of H-ZSM-5
and Fe/ZSM-5, resulting in the longer lifetime. Moreover, Fe/ZSM-5-ST gain a high phenol yield
around 80%. And H-ZSM-5-ST seems to have a higher yield than that of Fe-ZSM-5-ST after 3 h reaction
time. Probably because catalysts containing Fe deactivated more severely and rapidly [47]. In addition,
it is seen that the initial selectivity toward phenol has a certain relationship with the acid properties
when combines the data from Figure 6, Figure 7, and Table 4. It may be safe to assume that precious few
acidic sites, especially LAS, have a better effect on the initial selectivity toward phenol, which is consistent
with that H-ZSM-5-ST and Fe/ZSM-5-ST owning lower acidic sites. Hence, according to the H-ZSM-5-ST
and Fe/ZSM-5-ST catalysts with fewer acidic sites, the water vapor treatment is more beneficial not only
for improving the initial selectivity but also for the enhanced catalytic lifespan. Furthermore, it is deduced
that this observation supports acidity (low B/L ratio, low LAS amounts without strong BAS and LAS)
adjusting by high temperature steaming that enhances the initial selectivity to phenol, and prolongs the
lifetime, and reduce the side reactions at the same time [48]. In all cases, the ratio of B/L = 0.67 ascribed
to Fe/ZSM-5-ST displays the best catalytic performance.

Comprehensively, on the basis of the N2O conversion and phenol selectivity analysis,
and aforementioned acidity investigations, we, therefore, propose that the controlled ion-exchange and
water vapor treatment is considerably desired for the fine control of acidity on the catalysts, technically.

According to the data above, it was attempted to find the relationship between the initial selectivity
toward phenol (TOS = 20 min) and acid properties as the existence of big differences for initial selectivity
toward phenol, which LAS was set up as a function of initial selectivity toward phenol. Thus, the series
of calcined catalysts were utilized in order to verify the exploration. Further data (initial selectivity
toward phenol, Lewis acidity) are collected in Table S2. The curves shown in Figure 8 were drawn by
the simulation with appropriate parameters based on the suitable equations.
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In Figure 8, the black points (TOS = 20 min) represent H-ZSM-5, Fe-ZSM-5, H-ZSM-5-ST and
Fe-ZSM-5-ST catalysts as the black dashed line stands for their linear fit. The gray points (TOS = 20 min)
are identified as different temperature calcined samples, while the short dashed gray line means the
linear fit. The red line refers to the linear fit of all the samples mentioned above. Notably, there is a
negative correlation between the Lewis acidity and initial selectivity toward phenol. The simulated
curve agrees fairly well with the experimental data with the R-square value > 0.98, which strongly
suggests a negative correlation. The amount of LAS to Fe/ZSM-5 is high, as more iron oxide clusters
are existed than extra-framework iron ions to achieve invalid catalysis. As a result, the LAS decompose
N2O rather than oxidizing benzene [8,37]. With decreasing LAS, the initial selectivity toward phenol of
H-ZSM-5 is clearly higher than that of Fe/ZSM-5, whereas H-ZSM-5 occupies more extra-framework
LAS than Fe/ZSM-5 does [43,49]. When the LAS are further reduced, the trend of the selectivity
toward phenol keeps increasing. Apparently, H-ZSM-5-ST and Fe/ZSM-5-ST are more active than
the other two catalysts. Although the steamed catalysts possess fewer LAS, the extraction of LAS
from the framework contributes to a higher initial selectivity [20,42,43,49]. Furthermore, from the
carbon calculation in the outlet flow after 3 h (see Table S3). According to our results, the amount of
CO and CO2 is marginally affected, thus, the CO and CO2 can be ignored. From the content of coke,
it can probably be speculated catalysts treated with water vapor steam show a better anti-coke ability,
which conforms to the literature [20,50]. The samples without steaming exhibit similar anti-coke
ability, which are much lower than that of samples with steam-assisted treatment. The samples
with higher temperature calcination illustrate tiny lower anti-coke performance because of the lattice
destruction [51]. In conclusion, the high temperature steaming treatment is a beneficial method for
heightening the initial selectivity toward phenol. Besides, steaming has a strong effect contrasting to
the import of Fe species. These data suggest that the initial selectivity toward phenol has a negative
correlation with the Lewis acidity.

To validate the above conclusion, a series of calcined catalysts were applied to the oxidation
of benzene to phenol. The active trends based on different series of catalysts shown in Figure 8 are
very similar to each other. Accordingly, the R-square value is > 0.99. In contrast to an increase in the
amount of LAS as the calcined temperature increases, the initial selectivity toward phenol exhibits a
notable decrease. The explanation for this behavior is that a higher calcined temperature causes the



Catalysts 2019, 9, 44 11 of 15

collapse of part of the framework structure, covering the LAS exposed originally [52,53], which results
in a decrease of the initial selectivity toward phenol. Therefore, high temperature calcined H-ZSM-5
hinders the reaction due to the presence of more LAS.

Simulated data (see the red line shown in Figure 8) shows that the R-square is ~0.96. As shown,
the red line is parallel to the green one. The observation supports our earlier conclusion that there is a
negative correlation between the Lewis acidity and initial selectivity toward phenol.

3. Materials and Methods

3.1. Preparation of Fe/ZSM-5

The H-ZSM-5 powder with a SiO2/Al2O3 ratio of 25 was kindly provided by Tianjin Nanhua
Chemical Co., Ltd., Tianjin, China. Fe/ZSM-5 was prepared by controlled ion exchange of 1 wt.%
Fe(NO3)3 into H-ZSM-5 at 373 K for 3 h followed by filtering, washing three times with demineralized
water, drying at 373 K overnight, and finally calcining in static air at 823 K for 4 h.

3.2. Water Steam Treatment

Two g of powdered (60–80 mesh) catalyst was subjected to flowing H2O/He (1.9 mL h−1, 1800 mL
h−1) at 923 K for 4 h, followed by flowing He (3708 mL h−1) at 773 K for 5 h in order to eliminate
the impurities adsorbed on the surface of the catalysts. The steam-treated H-ZSM-5 and Fe/ZSM-5
samples are referred to as H-ZSM-5-ST and Fe/ZSM-5-ST, respectively.

3.3. Different Temperature Calcinated Treatment

The commercial H-ZSM-5 powder were calcinated to 773, 873, 973, and 1073 K under the
temperature programmed calcination in static air. The samples are donated as H-ZSM-5-773,
H-ZSM-5-873, H-ZSM-5-973, and H-ZSM-5-1073, respectively.

3.4. Catalyst Performance in BTOP Reaction

One-step oxidation of benzene to phenol by N2O was carried out in a fixed-bed stainless steel
tube reactor under 698 K and 101 kPa. A feed gas flow, in which the molar ratio of C6H6:N2O:He
was 10:1:9, was prepared as follows: the benzene gas was manufactured by flowing liquid benzene
into the vaporizing chamber after passing through a brown glass bottle filled with liquid benzene at
room temperature, and then was mixed with a N2O flow in the He atmosphere. Every stream was
controlled by a mass flow controller. A total gas flow of 8640 mL/h was fed directly into the reactor
where 2 g catalyst was loaded [a total weight hourly space velocity (WHSV) of 4320 mL gcatal

−1 h−1].
Before applying the BTOP reaction, the catalyst was treated previously in flowing He at 773 K for 5 h in
order to remove impurities adsorbed on the catalyst. Afterwards, the reaction temperature was shifted
down to 698 K for BTOP reaction. The products of the liquid and gaseous flow from the outlet of the
reactor were detected by a FID detector and a TCD detector. The N2O conversion has been defined
as follows:

XN2O =
Finitial − F

Finitial
× 100% (1)

where Finitial and F are the molar flow rate of the N2O in the reactor inlet and outlet stream, respectively.
The selectivity and yield for the phenol have been calculated as follows:

Sphenol =
Fphenol

Finitial − F
× 100% (2)

Yphenol =
Fphenol

Finitial
× 100% (3)

where Fphenol is the molar flow rate of phenol in the reactor outlet stream.
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3.5. Characterization

XRD measurements were obtained by a Brucker D8 with the Cu-Kα radiation (λ = 1.5406 nm) in a
scanning range of 5–50◦ at a scanning rate of 10◦ min−1 at room temperature. We employed low-voltage
high-resolution scanning electron microscopy (LV-HRSEM). The samples were cleaned and refreshed
by an Ar ion cleaner placed in the load-lock chamber of the LV-HRSEM instrument at 1 kV for 10 min.
All SEM images were taken with the UED detector of a JEOL JSM 7800F GBSH operated at a working
distance of a range from 3.4 to 4.7 mm and various magnifications. Surface area and porosity of the
samples were determined by N2 adsorption-desorption at 77 K using a Micromeritics ASAP 2420 V2.09
instrument. BET (Brunner−Emmet−Teller) equation was applied to measure the surface areas (SBET)
and the t-plot method was used to determine the micropore volumes (Vmicro) of all the samples.
The mesopore size distribution plots of samples were obtained by the DFT (density functional theory)
model applied to the adsorption branches of the isotherms. The UV-vis diffuse reflectance spectra
were recorded on a Thermo Evolution 300 UV-vis spectrometer against HZSM-5 zeolite to investigate
the nature of the different Fe species in the catalysts. The acid properties were detected by NH3-TPD,
using AutoChem II 2920 V3.05 and pyridine-FTIR, using Nicolet Avatar 360.

4. Conclusions

Through a systematic comparison of water steam treatment of H-ZSM-5 and Fe/ZSM-5 powder,
we have illustrated that acidic and mesoporous properties show a significant effect on benzene
hydroxylation to phenol. The H-ZSM-5-ST and Fe/ZSM-5-ST exhibit an elimination of strong BAS
and LAS, a rather low amount of BAS and a reduction in the number of LAS, and an increase of the
mesopore volume ascribed to the hydrothermal treatment, which benefits the reaction.

We approached the preparation of Fe/ZSM-5-ST with a salient decrease of the density of acidic sites
and the ratio of B/L by ion-exchange and water steam treatment. Fe/ZSM-5-ST achieves an almost 80%
yield of phenol at the initial reaction stage. Moreover, it reveals a relatively high N2O conversion and
phenol selectivity. Our results have shown that N2O has a closer correlation with the Fe species than
that with the acid properties, and the reduced LAS property is strongly superior to that of the Fe species,
and there is a negative correlation between the Lewis acidity and initial selectivity toward phenol.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/1/44/s1,
Figure S1: XRD patterns of (a) H-ZSM-5-773, (b) H-ZSM-5-873, (c)H-ZSM-5-973 and (d) H-ZSM-5-1073, Figure S2:
Pyridine FT-IR spectra on (a) H-ZSM-5-773, (b) H-ZSM-5-873, (c) H-ZSM-5-973 and (d) H-ZSM-5-1073, Table S1:
Acidity properties from Py-IR analysis for catalysts H-ZSM-5-773, H-ZSM-5-873, H-ZSM-5-973 and H-ZSM-5-1073,
Table S2: Benzene oxidation to phenol with N2O after 20 min of the reaction, Table S3: Carbon calculation in the
outlet flow after 3 h reaction time for samples.

Author Contributions: Conceptualization, C.O. and J.L.; methodology, C.O.; formal analysis, C.O.; investigation,
C.O.; data curation, C.O.; writing—original draft preparation, C.O.; writing—review and editing, J.L. and Y.L.;
supervision, J.L.; funding acquisition, J.L.

Funding: The financial support by the Specialized Research Fund for Doctoral Program of Higher Education,
China (20120010110003) is gratefully acknowledged.

Acknowledgments: I would like to say thank you to Frita Yuliati and Julia van Harten, specifically. And thanks
to Thijn Kortenbach. Het is leven!

Conflicts of Interest: All the authors declare no conflict of interest.

References

1. Zhang, F.; Chen, X.; Zhuang, J.; Xiao, Q.; Zhong, Y.; Zhu, W. Direct Oxidation of Benzene to Phenol by N2O
over Meso-Fe-ZSM-5 Catalysts Obtained via Alkaline Post-Treatment. Catal. Sci. Technol. 2011, 1, 1250.
[CrossRef]

2. Iwamoto, M.; Hirata, J.; Matsukami, K.; Kagawa, S. Catalytic Oxidation by Oxide Radical Ions. 1. One-Step
Hydroxylation of Benzene to Phenol over Group 5 and 6 Oxides Supported on Silica Gel. J. Phys. Chem. 1983,
87, 903–905. [CrossRef]

http://www.mdpi.com/2073-4344/9/1/44/s1
http://dx.doi.org/10.1039/c1cy00133g
http://dx.doi.org/10.1021/j100229a001


Catalysts 2019, 9, 44 13 of 15

3. Suzuki, E.; Nakashiro, K.; Ono, Y. Hydroxylation of Benzene with Dinitrogen Monoxide over H-ZSM-5 Zeolite.
Chem. Lett. 1988, 63, 953–956. [CrossRef]

4. Panov, G.I.; Sheveleva, G.A.; Kharitonov, A.S.; Romannikov, V.N.; Vostrikova, L.A. Oxidation of Benzene to
Phenol by Nitrous Oxide over Fe-ZSM-5 Zeolites. Appl. Catal. A Gen. 1992, 82, 31–36. [CrossRef]

5. Burch, R.; Howitt, C. Investigation of Zeolite Catalysts for the Direct Partial Oxidation of Benzene to Phenol.
Appl. Catal. A Gen. 1993, 103, 135–162. [CrossRef]

6. Meloni, D.; Monaci, R.; Solinas, V.; Berlier, G.; Bordiga, S.; Rossetti, I.; Oliva, C.; Forni, L. Activity and
Deactivation of Fe-MFI Catalysts for Benzene Hydroxylation to Phenol by N2O. J. Catal. 2003, 214, 169–178.
[CrossRef]

7. Yuranov, I.; Bulushev, D.A.; Renken, A.; Kiwi-Minsker, L. Benzene Hydroxylation over FeZSM-5 Catalysts:
Which Fe Sites Are Active? J. Catal. 2004, 227, 138–147. [CrossRef]

8. Jia, J.; Pillai, K.S.; Sachtler, W.M.H. Effect of Steaming on One-Step Oxidation of Benzene to Phenol with
Nitrous Oxide over Fe/MFI Catalysts. Appl. Catal. A Gen. 2004, 264, 133–139. [CrossRef]

9. Koekkoek, A.J.J.; Kim, W.; Degirmenci, V.; Xin, H.; Ryoo, R.; Hensen, E.J.M. Catalytic Performance of Sheet-like
Fe/ZSM-5 Zeolites for the Selective Oxidation of Benzene with Nitrous Oxide. J. Catal. 2013, 299, 81–89. [CrossRef]

10. Pérez-Ramírez, J.; Gallardo-Llamas, A. Framework Composition Effects on the Performance of Steam-Activated
FeMFI Zeolites in the N2O-Mediated Propane Oxidative Dehydrogenation to Propylene. J. Phys. Chem. B 2005,
109, 20529–20538. [CrossRef]

11. Shiota, Y.; Suzuki, K.; Yoshizawa, K. Mechanism for the Direct Oxidation of Benzene to Phenol by FeO+.
Organometallics 2005, 24, 3532–3538. [CrossRef]

12. Tang, Y.; Zhang, J. Direct Oxidation of Benzene to Phenol Catalyzed by a Vanadium-Substituted
Heteropolymolybdic Acid Catalyst. J. Serbian Chem. Soc. 2006, 71, 111–120. [CrossRef]

13. Hensen, E.J.M.; Zhu, Q.; Van Santen, R.A. Selective Oxidation of Benzene to Phenol with Nitrous Oxide over
MFI Zeolites: 2. on the Effect of the Iron and Aluminum Content and the Preparation Route. J. Catal. 2005,
233, 136–146. [CrossRef]

14. Leanza, R.; Rossetti, I.; Mazzola, I.; Forni, L. Study of Fe-Silicalite Catalyst for the N2O Oxidation of Benzene
to Phenol. Appl. Catal. A Gen. 2001, 205, 93–99. [CrossRef]

15. Kooyman, P.J.; van der Waal, P.; van Bekkum, H. Acid Dealumination of ZSM-5. Zeolites 1997, 18, 50–53. [CrossRef]
16. Xin, H.; Koekkoek, A.; Yang, Q.; van Santen, R.; Li, C.; Hensen, E.J.M. A Hierarchical Fe/ZSM-5 Zeolite with

Superior Catalytic Performance for Benzene Hydroxylation to Phenol. Chem. Commun. 2009, 7590–7592. [CrossRef]
17. Campbell, S.M.; Bibby, D.M.; Coddington, J.M.; Howe, R.F.; Meinhold, R.H. Dealumination of HZSM-5 Zeolites.

J. Catal. 1996, 161, 338–349. [CrossRef]
18. Rauscher, M.; Kesore, K.; Mönnig, R.; Schwieger, W.; Tißler, A.; Turek, T. Preparation of a Highly Active Fe-ZSM-5

Catalyst through Solid-State Ion Exchange for the Catalytic Decomposition of N2O. Appl. Catal. A Gen. 1999,
184, 249–256. [CrossRef]

19. Iwasaki, M.; Yamazaki, K.; Banno, K.; Shinjoh, H. Characterization of Fe/ZSM-5 DeNOx Catalysts Prepared by
Different Methods: Relationships between Active Fe Sites and NH3-SCR Performance. J. Catal. 2008, 260, 205–216.
[CrossRef]

20. Ibáñez, M.; Epelde, E.; Aguayo, A.T.; Gayubo, A.G.; Bilbao, J.; Castaño, P. Selective Dealumination of
HZSM-5 Zeolite Boosts Propylene by Modifying 1-Butene Cracking Pathway. Appl. Catal. A Gen. 2017, 1–9.
[CrossRef]

21. Chen, X.; Kawi, S. A New MFI-Type Zeolite Containing Uniform Supermicropores: Synthesis by Structural
Transformation of CTA+-MCM-41 and Application in SCR of NOx. Chem. Commun. 2001, 1354–1355.
[CrossRef]

22. Yang, Z.X.; Xia, Y.D.; Mokaya, R. Zeolite ZSM-5 with Unique Supermicropores Synthesized Using
Mesoporous Carbon as a Template. Adv. Mater. 2004, 16, 727–732. [CrossRef]

23. Abu-Zied, B.M.; Schwieger, W.; Unger, A. Nitrous Oxide Decomposition over Transition Metal Exchanged
ZSM-5 Zeolites Prepared by the Solid-State Ion-Exchange Method. Appl. Catal. B Environ. 2008, 84, 277–288.
[CrossRef]

24. Sano, T.; Yamashita, N.; Iwami, Y.; Takeda, K.; Kawakami, Y. Estimation of Dealumination Rate of ZSM-5
Zeolite by Adsorption of Water Vapor. Zeolites 1996, 16, 258–264. [CrossRef]

http://dx.doi.org/10.1246/cl.1988.953
http://dx.doi.org/10.1016/0926-860X(92)80003-U
http://dx.doi.org/10.1016/0926-860X(93)85179-S
http://dx.doi.org/10.1016/S0021-9517(03)00013-7
http://dx.doi.org/10.1016/j.jcat.2004.06.014
http://dx.doi.org/10.1016/j.apcata.2003.12.052
http://dx.doi.org/10.1016/j.jcat.2012.12.002
http://dx.doi.org/10.1021/jp054447b
http://dx.doi.org/10.1021/om050136b
http://dx.doi.org/10.2298/JSC0602111T
http://dx.doi.org/10.1016/j.jcat.2005.04.008
http://dx.doi.org/10.1016/S0926-860X(00)00544-5
http://dx.doi.org/10.1016/S0144-2449(96)00106-6
http://dx.doi.org/10.1039/b917038c
http://dx.doi.org/10.1006/jcat.1996.0191
http://dx.doi.org/10.1016/S0926-860X(99)00088-5
http://dx.doi.org/10.1016/j.jcat.2008.10.009
http://dx.doi.org/10.1016/j.apcata.2017.06.008
http://dx.doi.org/10.1039/b103327c
http://dx.doi.org/10.1002/adma.200306295
http://dx.doi.org/10.1016/j.apcatb.2008.04.004
http://dx.doi.org/10.1016/0144-2449(95)00161-1


Catalysts 2019, 9, 44 14 of 15

25. Wan, Z.; Wu, W.; Chen, W.; Yang, H.; Zhang, D. Direct Synthesis of Hierarchical ZSM-5 Zeolite and Its
Performance in Catalyzing Methanol to Gasoline Conversion. Ind. Eng. Chem. Res. 2014, 53, 141208145007001.
[CrossRef]

26. Xia, H.; Sun, K.; Sun, K.; Feng, Z.; Li, W.X.; Li, C. Direct Spectroscopic Observation of Fe(III)−Phenolate
Complex Formed From the Reaction of Benzene With Peroxide Species on Fe/ZSM-5 At Room Temperature.
J. Phys. Chem. C 2008, 112, 9001–9005. [CrossRef]

27. Zhang, Q.; Guo, Q.; Wang, X.; Shishido, T.; Wang, Y. Iron-Catalyzed Propylene Epoxidation by Nitrous Oxide:
Toward Understanding the Nature of Active Iron Sites with Modified Fe-MFI and Fe-MCM-41 Catalysts.
J. Catal. 2006, 239, 105–116. [CrossRef]

28. Bordiga, S.; Buzzoni, R.; Geobaldo, F.; Lamberti, C.; Giamello, E.; Zecchina, A.; Leofanti, G.; Petrini, G.;
Tozzola, G.; Vlaic, G. Structure and Reactivity of Framework and Extraframework Iron in Fe-Silicalite as
Investigated by Spectroscopic and Physicochemical Methods. J. Catal. 1996, 158, 486–501. [CrossRef]

29. Patarin, J.; Tuilier; Durr, J.; Kessler, H. Optical and X-Ray Absorption Spectroscopy Studies of Iron MFI-Type
Zeolite Prepared in Fluoride Medium. Zeolites 1992, 12, 70–75. [CrossRef]

30. Sun, K.; Xia, H.; Hensen, E.; Vansanten, R.; Li, C. Chemistry of N2O Decomposition on Active Sites with
Different Nature: Effect of High-Temperature Treatment of Fe/ZSM-5. J. Catal. 2006, 238, 186–195. [CrossRef]

31. Liu, Q.; Wen, D.; Yang, Y.; Fei, Z.; Zhang, Z.; Chen, X.; Tang, J.; Cui, M.; Qiao, X. Enhanced Catalytic
Performance for Light-Olefins Production from Chloromethane over Hierarchical Porous ZSM-5 Zeolite
Synthesized by a Growth-Inhibition Strategy. Appl. Surf. Sci. 2018, 435, 945–952. [CrossRef]

32. Lin, X.; Fan, Y.; Liu, Z.; Shi, G.; Liu, H.; Bao, X. A Novel Method for Enhancing On-Stream Stability of
Fluid Catalytic Cracking (FCC) Gasoline Hydro-Upgrading Catalyst: Post-Treatment of HZSM-5 Zeolite by
Combined Steaming and Citric Acid Leaching. Catal. Today 2007, 125, 185–191. [CrossRef]

33. Krishna, K.; Seijger, G.B.F.; van den Bleek, C.M.; Makkee, M.; Mul, G.; Calis, H.P.A. Selective Catalytic Reduction
of NO with NH3 over Fe-ZSM-5 Catalysts Prepared by Sublimation of FeCl3 at Different Temperatures.
Catal. Lett. 2003, 86, 121–132. [CrossRef]

34. Almutairi, S.M.T.; Mezari, B.; Pidko, E.A.; Magusin, P.C.M.M.; Hensen, E.J.M. Influence of Steaming on the
Acidity and the Methanol Conversion Reaction of HZSM-5 Zeolite. J. Catal. 2013, 307, 194–203. [CrossRef]

35. Hunger, B.; Hoffmann, J. Temperature-Programmed Desorption (TPD) of Various Bases from HY Zeolites.
React. Kinet. Catal. Lett. 1985, 27, 305–308. [CrossRef]

36. Lobree, L.J.; Hwang, I.-C.; Reimer, J.A.; Bell, A.T. Investigations of the State of Fe in H–ZSM-5. J. Catal. 1999,
186, 242–253. [CrossRef]

37. Pophal, C. Selective Catalytic Reduction of Nitrous Oxide over Fe-MFI in the Presence of Propene as Reductant.
Appl. Catal. B Environ. 1998, 16, 177–186. [CrossRef]

38. Sugawara, K.; Nobukawa, T.; Yoshida, M.; Sato, Y.; Okumura, K.; Tomishige, K.; Kunimori, K. The Importance
of Fe Loading on the N2O Reduction with NH3 over Fe-MFI: Effect of Acid Site Formation on Fe Species.
Appl. Catal. B Environ. 2007, 69, 154–163. [CrossRef]

39. Huo, Q.; Dou, T.; Zhao, Z.; Pan, H. Synthesis and Application of a Novel Mesoporous Zeolite L in the
Catalyst for the HDS of FCC Gasoline. Appl. Catal. A Gen. 2010, 381, 101–108. [CrossRef]

40. Yu, L.; Huang, S.; Zhang, S.; Liu, Z.; Xin, W.; Xie, S.; Xu, L. Transformation of Isobutyl Alcohol to Aromatics
over Zeolite-Based Catalysts. ACS Catal. 2012, 2, 1203–1210. [CrossRef]

41. Ong, L.H.; Dömök, M.; Olindo, R.; van Veen, A.C.; Lercher, J.A. Dealumination of HZSM-5 via
Steam-Treatment. Microporous Mesoporous Mater. 2012, 164, 9–20. [CrossRef]

42. Kustov, L.; Tarasov, A.; Bogdan, V.; Tyrlov, A.; Fulmer, J. Selective Oxidation of Aromatic Compounds on
Zeolites Using N2O as a Mild Oxidant. Catal. Today 2000, 61, 123–128. [CrossRef]

43. Motz, J.L.; Heinichen, H.; Hölderich, W.F. Influence of Extra-Framework Alumina in H-[Al]ZSM-5 Zeolite
on the Direct Hydroxylation of Benzene to Phenol. In Studies in Surface Science and Catalysis; Elsevier: New
York, NY, USA, 1997; Volume 105, pp. 1053–1060.

44. Zhang, S.; Gong, Y.; Zhang, L.; Liu, Y.; Dou, T.; Xu, J.; Deng, F. Hydrothermal Treatment on ZSM-5 Extrudates
Catalyst for Methanol to Propylene Reaction: Finely Tuning the Acidic Property. Fuel Process. Technol. 2015,
129, 130–138. [CrossRef]

45. Zhu, Q.; Van Teeffelen, R.M.; Van Santen, R.A.; Hensen, E.J.M. Effect of High-Temperature Treatment on Fe/ZSM-5
Prepared by Chemical Vapor Deposition of FeCl3: II. Nitrous Oxide Decomposition, Selective Oxidation of Benzene
to Phenol, and Selective Reduction of Nitric Oxide by Isobutane. J. Catal. 2004, 221, 560–568. [CrossRef]

http://dx.doi.org/10.1021/ie5036308
http://dx.doi.org/10.1021/jp800455x
http://dx.doi.org/10.1016/j.jcat.2006.01.023
http://dx.doi.org/10.1006/jcat.1996.0048
http://dx.doi.org/10.1016/0144-2449(92)90013-F
http://dx.doi.org/10.1016/j.jcat.2005.12.013
http://dx.doi.org/10.1016/j.apsusc.2017.11.153
http://dx.doi.org/10.1016/j.cattod.2007.02.023
http://dx.doi.org/10.1023/A:1022675428703
http://dx.doi.org/10.1016/j.jcat.2013.07.021
http://dx.doi.org/10.1007/BF02070462
http://dx.doi.org/10.1006/jcat.1999.2548
http://dx.doi.org/10.1016/S0926-3373(97)00071-4
http://dx.doi.org/10.1016/j.apcatb.2006.06.027
http://dx.doi.org/10.1016/j.apcata.2010.03.051
http://dx.doi.org/10.1021/cs300048u
http://dx.doi.org/10.1016/j.micromeso.2012.07.033
http://dx.doi.org/10.1016/S0920-5861(00)00354-0
http://dx.doi.org/10.1016/j.fuproc.2014.09.006
http://dx.doi.org/10.1016/j.jcat.2003.09.025


Catalysts 2019, 9, 44 15 of 15

46. Ivanov, D.P.; Sobolev, V.I.; Panov, G.I. Deactivation by Coking and Regeneration of Zeolite Catalysts for
Benzene-to-Phenol Oxidation. Appl. Catal. A Gen. 2003, 241, 113–121. [CrossRef]

47. Meng, L.; Zhu, X.; Hensen, E.J.M. Stable Fe/ZSM-5 Nanosheet Zeolite Catalysts for the Oxidation of Benzene
to Phenol. ACS Catal. 2017, 7, 2709–2719. [CrossRef] [PubMed]

48. Mortensen, P.M.; Grunwaldt, J.-D.; Jensen, P.A.; Knudsen, K.G.; Jensen, A.D. A Review of Catalytic
Upgrading of Bio-Oil to Engine Fuels. Appl. Catal. A Gen. 2011, 407, 1–19. [CrossRef]

49. Bodart, P.; Nagy, J.B.; Debras, G.; Gabelica, Z.; Jacobs, P.A. Aluminum Siting in Mordenite and
Dealumination Mechanism. J. Phys. Chem. 1986, 90, 5183–5190. [CrossRef]

50. Sahoo, S.K.; Viswanadham, N.; Ray, N.; Gupta, J.K.; Singh, I.D. Studies on Acidity, Activity and Coke
Deactivation of ZSM-5 during n-Heptane Aromatization. Appl. Catal. A Gen. 2001, 205, 1–10. [CrossRef]

51. Weckhuysen, B.M.; Wang, D.; Rosynek, M.P.; Lunsford, J.H. Conversion of Methane to Benzene over
Transition Metal Ion ZSM-5 Zeolites I. Catalytic Characterization. J. Catal. 1998, 175, 338–346. [CrossRef]

52. Piryutko, L.V.; Parenago, O.O.; Lunina, E.V.; Kharitonov, A.S.; Okkel, L.G.; Panov, G.I. Silylation Effect on the
Catalytic Properties of FeZSM-11 in Benzene Oxidation to Phenol. React. Kinet. Catal. Lett. 1994, 52, 275–283.
[CrossRef]

53. Kharitonov, A.S.; Fenelonov, V.B.; Voskresenskaya, T.P.; Rudina, N.A.; Molchanov, V.V.; Plyasova, L.M.; Panov, G.I.
Mechanism of FeZSM-5 Milling and Its Effect on the Catalytic Performance in Benzene to Phenol Oxidation.
Zeolites 1995, 15, 253–258. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0926-860X(02)00462-3
http://dx.doi.org/10.1021/acscatal.6b03512
http://www.ncbi.nlm.nih.gov/pubmed/28413693
http://dx.doi.org/10.1016/j.apcata.2011.08.046
http://dx.doi.org/10.1021/j100412a058
http://dx.doi.org/10.1016/S0926-860X(00)00543-3
http://dx.doi.org/10.1006/jcat.1998.2010
http://dx.doi.org/10.1007/BF02067799
http://dx.doi.org/10.1016/0144-2449(94)00019-O
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Physicochemical Properties of Catalysts 
	Catalysts Acidity 
	Catalyst Performance in Benzene Hydroxylation Reaction 

	Materials and Methods 
	Preparation of Fe/ZSM-5 
	Water Steam Treatment 
	Different Temperature Calcinated Treatment 
	Catalyst Performance in BTOP Reaction 
	Characterization 

	Conclusions 
	References

