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Abstract Fe-ZSM-5 zeolites are important for many
applications, especially for catalysis and volatile organic
carbon removal. However, the inclusion of a high content
of iron in the ZSM-5 structure is hindered due to the high
pH required for hydrothermal synthesis. To overcome this
problem, the synthesis of Fe-ZSM-5 zeolites with a novel
iron chelate complex as the iron source (ammonium iron
citrate) and a common iron source (iron chloride) was
investigated. The synthesized materials were characterized
by XRD, BET, SEM, FTIR, XPS and ICP. The total iron
content was determined by ICP. Fe-ZSM-5 zeolites pre-
pared by the ammonium iron citrate source method contain
the highest iron concentration within the framework of a
Mobil five structure, which has a high surface area and
crystallinity. The prepared materials were used to remove
phenol and ammonium. The catalytic results demonstrated
that Fe-ZSM-5 prepared with ammonium iron citrate is the
best catalyst.
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Introduction

ZSM-5 zeolites are unique because of their high thermal
stability; surface area; cation-exchange capacity; micro,
meso, and macro pores; and many other qualities, and they
have demonstrated usefulness as adsorbents and catalysts
(Martinez and Corma 2011). During heterogeneous catal-
ysis and adsorption, the presence of transition metals in the
framework of zeolite is important because they increase its
activity (Ali et al. 2013; Herman et al. 1975; Klier 1988;
Smeets et al. 2010). Therefore, various researchers have
investigated transition metal zeolites (George et al. 1991;
Goursot et al. 2003). ZSM-5, as a type of zeolite, exhibits
excellent redox and ion exchange properties; hence, it is
similar to many other types of zeolites. Transition metal-
ZSM-5 zeolites have also been known and studied for
many years by a number of scientists (Goursot et al. 2003;
Melian-Cabrera et al. 2005; van de Water et al. 2003). The
transition metal-ZSM-5 has attracted attention because it
has demonstrated good properties for the removal of
inorganic and organic pollutants (Ali et al. 2013; Gonzalez-
Olmos et al. 2012; Huang et al. 2006; Ismagilov et al.
2008; Joyner and Stockenhuber 1999; Le Van Mao et al.
1990). The incorporation of different transition metals,
including Ge, Co, Cu, Zn, Ni, Fe, Mo, Ti and V, among
others, into ZSM-5 has been evaluated (Ali et al. 2013;
Feng and Hall 1996; Round et al. 1997; Moliner 2012;
Rakshe et al. 1996; Sarkany 2002; Smeets et al. 2010).
Among these transition metals, more focus was given to Fe
because it has higher activity than any other metal-ZSM-5
(Long and Yang 2002), excellent thermal stability in H,O
and SO, media (Feng and Hall 1996), and highly selective
catalytic reduction (SCR) of nitrogen oxides (NOy) (Rut-
kowska et al. 2014; Shi et al. 2013) and volatile organic
carbons (VOCs), as well as other favorable characteristics
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(Feng and Keith Hall 1997). The insensitivity of Fe-ZSM-5
toward phosphates also separates it from all other zeolitic
materials (Gonzalez-Olmos et al. 2012; Ikhlaq et al. 2012;
Ismagilov et al. 2008; Kanthasamy and Larsen 2007). The
reactivity and stability of the Fe-ZSM-5 adsorbent depend
on the quantity of Fe ions in the ZSM-5 MFI structure.
Hence, different protocols have been used to prepare Fe-
ZSM-5 so that it contains the maximum possible Fe level in
the crystal lattice without affecting the MFI structure
(Patarin et al. 1990). Among the many procedures used for
the maximum incorporation of Fe into the ZSM-5 frame-
work, two methods are commonly used. The first method is
the incorporation of iron during synthesis, and the second
method employs a post-synthesis treatment (Battiston et al.
2003; Long and Yang 2001a, b). Researchers have most
commonly used the post-synthesis method because of its
simplicity. Post-preparation incorporation was also per-
formed by many methods, such as ion exchange, subli-
mation and dry mixing with iron salts, which were
followed by calcinations (Park et al. 2008; Rutkowska et al.
2014). All of these methods have a limitation for the
maximum exchange of iron with aluminum. Because it is
not possible to exceed the Al concentration, the maximum
exchange ratio of Al/Fe that can be obtained is one. The
exchange of Fe with Al in addition to its surface deposi-
tion/coating in the oxide form makes it difficult to achieve
an exchange ratio of one (Kim et al. 2013; Park et al.
2008). Different researchers have used many alternatives to
incorporate a high iron content into the ZSM-5 framework
during synthesis, but iron was deposited on the surface or
between the channels in most of these studies. Among
these studies, a vast majority used iron chloride as the iron
source for Fe-ZSM-5 synthesis in addition to other salts,
such as iron nitrate, iron sulfate and iron acetate, among
others (Nechita et al. 2005; Park et al. 2008; Rauscher et al.
1999; Rutkowska et al. 2014). These cited studies and
many others also encountered the obstacle of incorporating
a high content of iron into the framework because ZSM-5
crystal growth is only possible at a basic pH; however, at a
high alkaline pH, iron creates precipitates, which interfere
with ZSM-5 zeolite crystal growth, resulting in low crys-
tallinity and a small quantity of iron in the MFI crystal
structure (Ma et al. 2013; Szostak et al. 1987). Various
scientists attempted to overcome this problem using a
multistep synthesis procedure and different starting mate-
rials. However, this obstacle cannot be completely eradi-
cated (Chen and Sachtler 1998; Feng and Keith Hall 1997;
Schwidder et al. 2005). The ultimate goal of all researchers
has been to support the high content of catalytic metal in its
most dispersed form so that more activity for catalytic
oxidation could be achieved.

The objectives of the present work were to: (1) syn-
thesize a ZSM-5 type of porous material with a higher iron
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content without deforming the Mobil five (MFI) structure
of ZSM-5, (2) observe the catalytic effect of the Fe-ZSM-5
prepared by ammonium iron citrate (AIC) on the catalytic
removal of phenol and ammonium in water, (3) investigate
the stability (reusability) of the Fe-ZSM-5 zeolite catalyst,
and (4) compare Fe-ZSM-5(AIC) with Fe-ZSM-5 prepared
using FeCl;. To the best of our knowledge, no study has
used ammonium iron citrate as an iron source to prepare a
Fe-ZSM-5 zeolite catalyst.

Materials and methods
Synthesis of ZSM-5

ZSM-5 zeolite was synthesized according to the procedure
described here. Silica sol (SiO, 40 %), sodium hydroxide
(NaOH), sodium aluminate (NaAlO,), H,O and
tetrapropylammonium hydroxide (TPAOH) were used to
synthesize ZSM-5 as reported in the literature (Narayanan
et al. 1995). In the current study, ZSM-5 was prepared by
dissolving 0.7481 g of NaAlO, and 1.5968 g of NaOH in
65 ml of H,O in a plastic boat.

Silica sol (30 ml) was transferred to a beaker, and 6 ml
of TPAOH was added dropwise together with the previ-
ously dissolved solution into the silica sol with continuous
stirring. The molar composition of the synthesis mixture
was 1 Al,05:50.4 Si0,:6.2 Na,0:1.5 TPAOH:1248 H,O0.
The gel solution was allowed to age at 50 °C and 200 rpm
of stirring in an incubator for three days. The mixture was
then transferred to a steel autoclave lined with Teflon for
the hydrothermal reaction at 180 °C for three days under
autogenous pressure. After three days, the product was
collected, followed by filtration and washing until the fil-
trate pH reached 8.0. The solid material was oven-dried at
100 °C for 5 h. The dried material was calcined at 550 °C
for 6 h and thoroughly characterized. A general schematic
diagram of ZSM-5 synthesis is shown in (Aziz and Kim
2015) figure S1. The sample was coded as A.

Preparation of Fe-ZSM-5 with AIC (iron chelate
complex) and FeCl; (iron salt)

Two different compounds were used to incorporate the iron
contents into ZSM-5. First, iron species were incorporated
prior to the hydrothermal reaction of ZSM-5 during gel
formation. In a typical in situ synthesis process, all of the
steps were similar to the synthesis of ZSM-5, as stated in
“Synthesis of ZSM-5" section; the only the difference was
that 2 g of AIC (ammonium iron citrate is a chelate com-
pound that is soluble, even at the high pH of 8-10) and 2 g
of FeCl;-6H,0O were separately dissolved in 20 ml of H,O;
then, they were mixed with continuous stirring with silica
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sol in addition to the other solutions mentioned in “Syn-
thesis of ZSM-5" section. The samples that had similar
molar ratios of the iron sources, AIC and FeCl;, were
named B and C, respectively.

Characterization

A Rigaku D/Max-2500 X-ray diffractometer with Cu K,
and a Ni filter was utilized to investigate the crystallinity
and MFI structure of the ZSM-5 samples. The diffraction
patterns were obtained between the 20 angles over the
range of 5°-50° with a scanning speed of 3°/min.

A PerkinElmer Fourier transform infrared (FTIR)
spectrometer was used with KBR pellets to indicate the
presence of iron in the ZSM-5 zeolites. The samples were
recorded with a single-beam spectrometer with 60 added
scans at a 2 cm™ " resolution.

A Kratos Axis Ultra XPS instrument with a
monochromatic Al K, X-ray source was used to confirm
the presence of iron in the ZSM-5 samples. The analysis
was performed at a low pressure of 1.33 x 10~/ Pa. First, a
full energy survey scan was performed from 0 to 1250 eV.
Then, scans for Si (2p), Al (2p) and Fe (2p) were per-
formed over the energy range of the individual metal.

The ZSM-5 zeolite surface was monitored by scanning
electron microscopy (SEM) (Hitachi S-4800, Japan). The
dried samples were finely ground and coated with a gold—
platinum alloy by ion sputtering with the help of an E-1045
Hitachi ion sputter. The images were then obtained.
Energy-dispersive X-ray (EDX) mapping was also per-
formed, and the images were recorded with a transmission
electron microscope (TEM).

For the BET surface area measurement, N, adsorption
was performed at 77 K in a Gemini series Micromeritics
2360 instrument. Samples were previously degassed at
473 K for 2 h with a Micromeritics FlowPrep 060. The
BET method was used to calculate the total surface area of
the prepared materials, which is used for comparison.

A PerkinElmer (Optima 7300 DV) inductively coupled
plasma optical emission spectrometer (ICP-OES) was used
to analyze the total content of Fe in the ZSM-5 samples.
All samples were dissolved in HF and neutralized with
NaBOj; before analysis. One blank and four calibration
standard solution samples of known Fe concentrations were
prepared. The actual concentration of the Fe in the pre-
pared ZSM-5 samples was obtained from the working
calibration curve generated from the four standard solu-
tions of Fe.

The concentrations of phenol and ammonium were
measured using a UV-Vis spectrophotometer (HACH/
DR4000) by measuring the absorption with Hach Program
2900 phenols and 2400 N-ammonia. The estimated

detection limit for program number 2900 is 0.001 mg/L
phenol, and that for 2400 is 0.017 mg/L. ammonium.

Phenol and ammonium removal

The synthesized catalysts were used for the oxidation of
phenol in water. This was performed in batch experiments.
Phenol was purchased from Fisher Scientific in solid form
and was dissolved in demineralized water to the desired
concentration. Hydrogen peroxide (30 %, w/v) and all
other reagents were purchased from Merck and were used
as received. Experiments were performed at room tem-
perature in a 1 L open and undivided cylindrical glass cell
equipped with a pH meter and continuous stirring
immersed into the solution under study. The contents were
continuously stirred using a magnetic stirrer. One gram of
catalyst (as a source of ferrous ion) was added after
adjusting the pH to the desired value of 5, and the pH of the
solution was not controlled during the reaction. Then,
hydrogen peroxide, at a concentration of 300 mg/L, was
added. The concentration of phenol was measured after
regular intervals and a maximum of one day.

Similarly, the prepared zeolite materials were used to
remove ammonium in water. The batch experiment was
performed in the experimental setup discussed above. Cat-
alyst (0.5 g) was added to the 500 mL solution containing
ammonium (20 mg/L) with continuous mixing. The con-
centration of each stirred sample was monitored at different
time intervals. The removal (Xy — phenol/ammoniums %) 1S
defined (Jiang et al. 2015) as follows:

Xy = Crattimezeror0 — Cxattimer x 100 % (1)

CxaltimezerotO

Adsorption isotherms

The isotherm data obtained for phenol and ammonium
removal were analyzed using the Freundlich and Langmuir
adsorption isotherm equations. The parameters for both
isotherms were deduced, and the respective correlation
coefficients were calculated. The linear forms of the Fre-
undlich and Langmuir isotherms are presented below.

1
logg. = log kg + —logCe (2)
n

Ce 1 +Ce
qe qnKL  gm

(3)

where ¢. and Ce are the equilibrium pollutant (phenol or
ammonium) concentration on the adsorbent (mg/g) and in
the solution (mg/L). kg and n are the Freundlich’s constant,
gm is the adsorption capacity (mg/g), and k; is the binding
constant (L/mg) (Wahab et al. 2010). An adsorption iso-
therm study was conducted for sample B alone by stirring
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0.5 g of catalyst in 500 mL solution with different initial
concentrations of pollutants for 24 h.

Adsorption kinetics

To obtain the adsorption kinetic parameters, the adsorption
data were analyzed using pseudo-first and pseudo-second-
order kinetic models. The linear form of the Lagergren
equation for pseudo-first and second-order models are
given as:

In(ge — q1) = Inge — k1t 4)
t 1 t

=4 5
q  k2q;  q. ®)

where ¢. (mg/g) and g, (mg/g) are the adsorption capacity
at equilibrium and time ¢ (min), k, (min™') is the binding
constant (J mol ™! Kil) for the pseudo-first-order kinetic
model, and &, (g mg(l minfl) is the rate constant for the
pseudo-second-order kinetic model. The values of the
adsorption capacity and constants (k; and k) can be cal-
culated from the slope and intercept, respectively (Wang
et al. 2011).

Results and discussion
XRD

The XRD patterns of the Fe-ZSM-5 samples together with
the reference ZSM-5 are shown in Fig. 1. This figure shows

C
Aownass
B
A
FT WP L Mo
5 10 15 20 25 30 35 40 45 50

2 Theta

Fig. 1 XRD pattern of the synthesized samples. a ZSM-5, b Fe-
ZSM-5 prepared with AIC and ¢ Fe-ZSM-5 prepared with FeCl;
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that all samples (B—C) of iron-containing ZSM-5 have the
typical characteristics of the MFI structure of ZSM-5
because all samples were compared with the reference
XRD pattern of pure ZSM-5 (Joyner and Stockenhuber
1999; Kanthasamy and Larsen 2007). Sample A has a
singlet at 20 = 22°-24°, 30° and 45.6°, while the other
samples (B and C) have doublets at the same angle of 26,
indicating that the crystal system was changed, possibly
due to the incorporation of Fe into the lattices of the zeo-
lites. In addition, the major diffraction pattern lines of the
MFI structure of ZSM-5 appeared at 20 = 22°-25°, while
the intensity of these lines increased more in sample B (Fe-
ZSM-5 prepared by AIC) compared with the other samples,
which possibly indicates better crystallinity. Sample C
showed additional low-intensity lines at 20 = 24.8° and
42.2°-4°, suggesting the presence of Fe,O; in sample C at
an extra-framework position, which could be from the
agglomeration of Fe during synthesis because the FeCls.
6H,0 salt was used as the Fe source. No indication of an
extra Fe,O3 framework was observed in the diffractogram
of sample B.

BET

The BET surface area of the four samples was measured
using N, adsorption isotherms at 77 K, and the results are
displayed in Table 1. The pure ZSM-5 sample showed the
highest BET surface area of 400 mz/g, while the lowest
BET of 186 m*/g was found for sample C, which was
synthesized with FeCl; salt. The B sample has the second
highest BET surface area, indicating that the prepared
material is the best of the modified samples in this study in
terms of iron inclusion in the crystal system. The observed
BET surface area of the zeolite materials was similar to
that previously reported in the literature.

ICP

The total Fe content was measured by ICP-OES and is
presented in Table 2. Table 2 shows that 1.51 % of Fe is
present in sample B, which is 58 % of the added iron.
Sample C contains 54 % of the added Fe. The iron on the
surface or in the channels is mostly in the trivalent form

Table 1 Physicochemical properties of ZSM-5 materials

Sr # Sample BET Pore Pore Fe content
ID (m%/g) volume diameter after phenol
(cm3/g) (nm) oxidation
A 400 0.1348 4.2 -
B 357 0.1446 2.1 >1 mg/L
C 186 0.9684 3.0 30 mg/L
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Table 2 Results of ICP and EDX along with added metal. All numbers are given as % values

Sr # Sample ID Added metals

ICP (£0.05 %)

Si Al Fe Si/Fe Si/Al Al/Fe Si Al Fe Si/Al Si/Fe Al/Fe
1 A 36.0 1.00 - - 36.0 - 35.60 1.01 - 35.24 - -
2 B 36.0 1.00 2.60 13.84 36.0 0.38 36.20 0.50 1.51 72.40 23.97 0.33
3 C 36.0 1.00 2.60 13.84 36.0 0.38 35.80 0.80 1.40 44.75 25.57 0.57
EDX (£0.05 %)
A 36.0 1.00 - - 36.0 - 36.20 1.8 - 20.11 - -
B 36.0 1.00 2.60 13.84 36.0 0.38 36.58 1.20 2.30 30.48 15.90 0.52
C 36.0 1.00 2.60 13.84 36.0 0.38 38.37 1.40 2.00 27.40 19.19 0.70
XPS
A 36.0 1.00 - - 36.0 - 36.92 1.27 - 29.07 - -
B 36.0 1.00 2.60 13.84 36.0 0.38 37.63 0.64 0.17 58.80 221.35 3.76
C 36.0 1.00 2.60 13.84 36.0 0.38 42.45 2.74 0.47 18.14 90.31 4.97

(Fe,O3) and may be less reactive toward oxidation reac-
tions for removing organic contaminants from aerosol and
wastewater streams. These ICP results are in accordance
with the BET results. Sample B has the highest BET with
the highest content of Fe, providing evidence that there is
no structural change in ZSM-5. Sample C has the lowest
BET with nearly the same Fe level as sample B as well as a
low BET surface area, suggesting that more pores are
blocked with iron oxide deposits. Hence, these techniques
confirmed that sample B, prepared by the iron chelating
complex, has a high Fe content, with the characteristic
structure of ZSM-5, as well as a high surface area.

SEM

The SEM images of the prepared zeolites are shown in
Fig. 2. Sharp crystals can be observed for samples A and B.
Sample C had crystals of different sizes, ranging from 1 to
5 pm, with amorphous agglomerated Fe oxides. The
visualized surfaces of samples A and B were cleared,
indicating that no surface deposition occurred.

Elemental mapping of aluminum and iron using EDX
was also applied to the ZSM-5 samples, and the results are
displayed in Fig. 2. The EDX mapping images show that
silicon (not shown in figure) and aluminum are properly
distributed throughout the crystallized samples with a small
depletion of aluminum in sample B, reflecting the possible
replacement of Al with iron. Differences for the Fe dis-
tribution in two samples (B—C) were observed. For the AIC
ZSM-5 sample (B), Fe appears to be uniformly distributed
throughout the crystal at a low concentration. In contrast,
sample C, which was prepared by FeCls, shows a much
higher aggregation of Fe oxides due to agglomeration on

the surface of ZSM-5. Based on these images, Fe was may
be incorporated into the ZSM-5 cell through the AIC
method, as it has no surface coatings. Moreover, the Si, Al,
and Fe levels and their ratios in the products were deter-
mined by EDX, and the results are presented in Table 2.
These concentrations and ratios did not correspond to the
data of the other techniques because SEM and EDX pro-
vide information that is only based on the surface. The
metal that was incorporated into the framework may be not
visible on the surface, but is present; as a result, the find-
ings are similar.

FTIR

The symmetric vibration bands of ZSM-5 and the iron-
containing ZSM-5 zeolite samples are shown in the IR
spectra in Fig. 3. It was previously reported (Szostak and
Thomas 1986) that the IR vibration bands of the zeolite
frameworks appear from 400 to 1200 cm™'; furthermore, it
was cited that symmetric and asymmetric vibrations occur
over the range of 600-900 cm™'. The hydroxyl groups
attached to the ZSM-5 surface are also of utmost impor-
tance for the reactivity and chemistry of these materials;
therefore, they are also identified and characterized by
FTIR. The vibration bands of these surface hydroxyls
usually appear between 3200 and 3800 cm™'. Hence, all
materials were studied over these ranges of the infrared
spectrum. Figure 3 depicts the well-established ZSM-5
structural framework vibrations, lattice vibrations and
hydroxyl bands.

In figure S3, the spectra of framework vibrations show
double-ring vibrations at 450 cm_l, a T-O bend as well as
external linkage at 550 cm™', an external asymmetric
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Fig. 2 SEM images (at the same size of 2 pm) and EDX mapping images. a ZSM-5, b Fe-ZSM-5 prepared with AIC and ¢ Fe-ZSM-5 prepared

with FeCl;

stretch at 800 cm™' and a very intense pore opening

vibration at 1100 cm ™" of pure ZSM-5. Sample B has all of
the other bands with little change in the position of the T-O
bend as well as an external linkage from 550 to 600 cm_l,
suggesting the replacement of an atom with a T atom, such
as Fe. The increased intensity of the external asymmetric
stretch and appearance of new band at 950 cm™', which is
called typical lattice vibration, indicates the substitution of
Si or Al framework by another T atom, which is Fe in our
case. Sample C has also a similar band at 950 cm ™' and
less shifting of the T-O bend external linkage vibration,
suggesting that some framework and T atoms are replaced
with other atoms at a lower quantity.

Based on figure S4, the spectra of the OH groups indi-
cate that two bands are assigned to the vibrations of OH
groups attached to the extra-framework T atom containing
species at 3680 cm™' and Si—OH in defects bonded by
hydrogen bonding to framework oxygen at 3500 cm ™' of
ZSM-5 (A). The preparation of ZSM-5 with AIC and FeCly
resulted in the disappearance of the corresponding bands
for the extra-framework T atom OH group and hydroxyl
nests (3680 and 3500 cm™"). Therefore, it may be that the
Si/T atoms that are bonded via an oxygen atom to addi-
tional Si/T atoms and OH groups of hydroxyl nests are

* @ Springer

more viable for replacement with new T atoms, such as Fe.
The appearance of new bands at 2880 and 2920 cm ™' is
also observed in all samples except the pure ZSM-5 cata-
lyst, showing that the presence of Fe(II) must not be in the
framework and may be undesirable. Based on these results,
there may be a certain level of Fe inclusion in the frame-
work of the zeolite C, and with the extra-framework, there
may be more surface deposition because of the precipita-
tion of Fe at high pH during synthesis. More Fe inclusion in
the lattice system of ZSM-5 zeolite was observed in cata-
lyst B. The extra-framework inclusion of Fe is in the order
AIC > FeC(lj; (figure S3); in the framework order according
to FTIR, the order is AIC > FeCl; (figure S4). The FTIR
findings corroborated the previously discussed results
previously (Dey et al. 2013; Szostak et al. 1987).

XPS

The XPS results of all of the synthesized materials in the Fe
(2p), Si (2p) and Al (2p) regions are presented in Fig. 4, S5
and S6, respectively. Fe gives peaks in the binding energy
(BE) region of 706-711 eV (Kanthasamy and Larsen 2007)
and more profoundly at 710-711 eV. A distinctive Fe (2p)
peak was observed at a binding energy of 710 eV for
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Fig. 3 FTIR spectra of a ZSM-5 and b Fe-ZSM-5 prepared with AIC
and ¢ Fe-ZSM-5 prepared with iron chloride

sample B, which is characteristic of the Fe ion, while
sample C has major peaks at a binding energy of 709.5 eV,
which is 0.5 eV lower than the sample B peak, as well as
shoulder peaks at different binding energies, indicating that
sample C contained Fe with an internuclear bonding/Fe—Cl
bond. The reference ZSM-5 sample A did not have any
peaks in the Fe (2p) region of the spectra.

Figure S5 shows the effect of Fe incorporation into the
ZSM-5 material on the Al (2p) binding energy in the Al
(2p) region of the XPS spectra. Pure ZSM-5 showed an Al
(2p) peak at 74 eV with a maximum intensity, while the
peak intensity of sample B was low, supporting the idea
that most of the Al of ZSM-5 was replaced with Fe. Sim-
ilarly, the XPS plot of sample C showed an Al (2p) peak
intensity between the reference and sample B peak inten-
sities (Jalil et al. 2005).

Figure S6 shows the Si (2p) region of the XPS spectra
for all samples. In figure S6, it is clearly revealed that all
samples have the typical Si (2p) peak at the binding
energy region of 103 eV. However, in samples B and C,
the Si (2p) peak shifted from 103 eV to 102.6 and
102.7 eV, respectively, toward a lower binding energy.
This shift in the binding energy of Si (2p) provides evi-
dence for the presence of Fe near Si. As previously

Signal, a.u.

1 M . 1 . 1 . 1 . 1 . 1 .
706 708 710 712 714 716 718 720

Binding energy, eV

Fig. 4 XPS 2p spectra of Fe for a ZSM-5 and b Fe-ZSM-5 prepared
with AIC and ¢ Fe-ZSM-5 prepared with iron chloride

discussed, Fe gives a peak at a BE of ~710 eV, which is
well below the Si peak; therefore, as Fe became part of
the ZSM-5 lattice, it had an effect on the Si peak, driving
it toward the lower binding energy. Sample B has a high
shift in the binding energy (0.4 eV), indicating that it has
more iron than sample C, which reduced the BE by
0.3 eV.

The atomic ratios of iron, silicon and aluminum with
respect to each other for all samples have also been
obtained, as shown in Table 2. All data were computed
from the spectral integral intensities of the Fe 2p, Si 2p and
Al 2p lines by considering their atomic sensitivity factors.
The surface atomic Si/Al and Si/Fe ratios for the B sample
were much higher than in the C sample, while the Al/Fe
ratio for sample B is lower than for sample C. On the other
hand, nominal silicon and iron levels were initially
observed at the same level. This indicates, that the AIC
procedure allows for the introduction of much more iron
into the framework position than for FeCl;. The Al/Fe
atomic ratio is 2 and 1.3 times higher for B and C,
respectively, which supports the above statements. Based
on these observations, the following order for the extra-
framework inclusion of Fe can be suggested: C > B. By
contrast, sample B has more iron in the framework than
extra-framework material.

’r @ Springer
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Fe-containing ZSM-5 zeolites were synthesized using
three different procedures to incorporate the iron species
into the framework of the ZSM-5 structure without
affecting its characteristics. Extensive instrumental char-
acterization of the prepared zeolites showed that the Fe-
containing ZSM-5 zeolites that were prepared by different
methods had different identities and distributions of the Fe
species. The SEM-EDX mapping suggested that the iron
was distributed differently in sample C, demonstrating
various regions of aggregation. In contrast, the iron in the
AIC ZSM-5 sample was uniformly distributed with a cer-
tain level of Al depletion, indicating the replacement of Al
by Fe, as shown in Fig. 2. EDX mapping showed a small
quantity of added Fe in sample B compared with the other
samples because it only provides surface information.
XRD, FTIR, XPS and BET revealed that the iron is
incorporated into the MFI structure of ZSM-5 in the AIC
ZSM-5 sample without surface deposition, while there was
a surface coating/loading of iron in the form of Fe,O5 in
sample C, which was undesired in this study. The ICP
results confirmed that the iron content was 1.5 wt% for
sample B. This result contradicted the EDX mapping
results, but supported the XRD, FTIR and XPS findings.
Researchers have reported a higher concentration of Fe in
ZSM-5, but the Fe was mostly surface coated/deposited or
trapped in the regular characteristic pores and channels of
ZSM-5. The iron on the surface or in the channels is pri-
marily in the mix valent form and may be less reactive in
oxidation reactions for removing organic contaminants
from aerosol and wastewater streams. Furthermore, the
overall results of our study were based on the materials
after calcinations (thermal treatment). Therefore, it is
confidently demonstrated that the prepared materials were
stable at a high temperature. In other studies for which
there was a high content of iron incorporated into ZSM-5,
the zeolite was simply loaded with iron and was used
without any high-temperature thermal treatment; therefore,
those materials most likely could not be regenerated.

Phenol removal

Fenton oxidation experiments were performed to enumer-
ate the catalytic influence of different prepared ZSM-5
catalysts. The H,0O, concentration was kept constant at
300 mg/L, and the pH was maintained at a pre-optimized
value of 5. All experiments were performed in triplicate,
and the figure shows the average values.

In Fig. 5, catalyst B showed the maximum activity with
a degradation efficiency of 65 % in the first 4 h and more
than 80 % after 24 h. Catalyst sample C has a catalytic
efficiency of 30 % for first 4 h and remained almost the
same after 24 h.
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Fig. 5 Phenol removal at different time intervals using 1 g of catalyst
and 300 mg/L H,O, at pH 5 with continuous stirring for samples
a ZSM-5 and b Fe-ZSM-5 prepared with AIC and ¢ Fe-ZSM-5
prepared with iron chloride

The catalytic study indicated that the sample was pre-
pared by a new iron source, namely AIC had the best
activity with a phenol destruction efficiency of 83 %,
which is very remarkable compared to all of the other
prepared catalysts.

Here, the question arises as to why these types of cat-
alysts are used in phenol degradation in addition to Fenton
oxidation with the addition of iron salt. The answer is very
simple and well supported by our results (Pignatello et al.
2006). By using iron salt, after Fenton oxidation, there is a
sufficient quantity of iron that remained in the liquid
sample, leading to sludge production, which is an addi-
tional problem that needs to be addressed. Hence, in the
catalytic study, it is very important to observe the con-
centration of iron in the remaining liquid sample after
phenol removal. Therefore, the iron content was measured
after filtration, as shown in Table 1. It is already estab-
lished that it is not good when the catalyst leaves behind a
higher iron content due to the associated problem of sludge
production (Hermosilla et al. 2009). Fortunately, our pre-
pared catalysts have low levels of remaining iron, and
catalyst sample B left the lowest possible concentration
(>1 mg/L) in the liquid after Fenton oxidation compared to
catalyst C, with a 30 mg/L remaining iron content. Many
researchers also reported that the iron content of Fe-ZSM-5
after oxidation was similar to our result (Fajerwerg and
Debellefontaine 1996). Another benefit is that it is a
heterogeneous catalyst that does not require continuous
feeding of peroxide, which is the case for most studied
catalysts that were homogeneous. Moreover, this material
released controlled iron, which was sufficient for the oxi-
dation of phenol molecules with no excess, and the
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Fig. 6 Phenol removal (after regeneration at 105 °C for 3 h) at
different time intervals using 1 g of catalyst and 300 mg/L H,O, at
pH 5 with continuous stirring for samples. a ZSM-5, b Fe-ZSM-5
prepared with AIC and ¢ Fe-ZSM-5 prepared with iron chloride

remaining iron stayed within the catalyst structure and was
possibly consumed in the next cycle by simply drying the
catalyst at 105 °C for 3 h. This heating approach to dry the
catalyst worked to regenerate the catalyst. The results of
phenol oxidation for the next cycle after regeneration are
shown in Fig. 6.

Sample B has a catalytic activity of 78 % phenol
degradation, while samples A and C have activities of 18
and 20 %, respectively, which are better than previously
reported, as mentioned in Table 3. The observation that
sample A removes a small amount of phenol may be from
adsorption on the pores and channels, as it has no iron
content for Fenton oxidation; therefore, the only possibility
is adsorption.

Fig. 7 Ammonia removal at different time intervals using 0.5 g of
catalyst at pH 7 with continuous stirring for samples a ZSM-5 and
b Fe-ZSM-5 prepared with AIC and ¢ Fe-ZSM-5 prepared with iron
chloride

Ammonia removal

The removal of ammonia was also studied with all of the
prepared materials, and its effectiveness is shown in Fig. 7.
In this figure, it is evident that the sample prepared with
AIC has a better removal efficiency than the sample pre-
pared with iron chloride. Meanwhile, it is comparable to
ZSM-5 with no iron, which may be because ZSM-5 has a
higher BET surface area than any sample and therefore
removed ammonium at a level that was almost similar to
Fe-ZSM-5 prepared by AIC, but this would probably not be
achievable if it is used for a 2nd cycle, which is in contrast
with Fe-ZSM-5 prepared by the AIC sample. The removal
capacity is higher than that reported for Fe-zeolites (Kim

Table 3 Comparison of the

Capacity (mg/g)

Temperature (°C)  References

Material Pollutant

pollutant removal capacities of

different materials Natural zeolite ~ Phenol
Zeolite Phenol
Eggshell Phenol
Y-SMZ Phenol
Na-X Phenol
ZSM-5 Phenol
Sample A Phenol
Sample B Phenol
Sample C Phenol
Sawdust Ammonium
Zeolite Ammonium
Sample A Ammonium
Sample B Ammonium
Sample C Ammonium

4.95 25 (Yousef et al. 2011)
0.35 25 (Bizerea Spiridon et al. 2013)
0.58 25 (Daraei et al. 2013)
3.58 25 (Kamble et al. 2008)
100 45 (Irani et al. 2015)
2.9 25 (Aziz and Kim 2015)
6.90 25 Current study

8.45 25 Current study

3.40 25 Current study

1.26 25 (Wahab et al. 2010)
8.4 - (Bolan et al. 2003)
15.72 25 Current study

21.12 25 Current study

13.1 25 Current study
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Table 4 Langmuir and

Pollutants Langmuir Freundlich
Freundlich adsorption constants
for phenol and ammonium by R? K. (L/mg) R? n kg (mg/g)/(mg/L)"">
Fe-ZSM-5 prepared with AIC

Phenol 0.9951 243 0.7337 3.85 5.37

Ammonium 0.9902 2.24 0.9933 6.08 14.34

Table 5 Pseudo-first- and second-order kinetic parameter constants for phenol and ammonium by Fe-ZSM-5 prepared with AIC

Pollutants Initial conc. (mg/L) Pseudo-first-order Pseudo-second-order

R? qe (mglg) ki (min™") R? ge (mg/g) k, g/(mg min)
Phenol 10 0.9000 6.42 0.0989 0.9917 8.58 0.079
Phenol 15 0.9025 2.65 0.0405 0.9955 7.96 0.170
Ammonium 10 0.8661 5.90 0.0248 0.9976 10.11 0.027
Ammonium 20 0.9255 18.38 0.0332 0.9942 18.89 0.004

et al. 2013; Marafion et al. 2006), as depicted in Table 3. In
Figs. 6 and 7, sample B (Fe-ZSM-5, prepared by novel iron
source AIC) was the best catalyst for future use in any field
of catalysis.

Adsorption and Kkinetic studies

The experimental data for phenol and ammonium adsorp-
tion on Fe-ZSM-5 prepared with AIC were utilized to plot
the linear form of the Langmuir and Freundlich models.
The isotherm constants and coefficients of correlation for
each adsorption model are shown in Table 4. In Table 4,
the equilibrium data fit well to all of the adsorption iso-
therm models, except for the Freundlich model for phenol.

The kg constant for ammonium was higher than that of
phenol, as kg, in the results showed the extent of pollutant
removal; however, K; and the correlation coefficient, R,
were higher for phenol than ammonium, although both
were greater than 0.99. This revealed that the phenol is
more favorable for monolayer adsorption, while ammo-
nium is heterogeneous (multilayer adsorption).

In Table 5, the parameters of kinetic models for phenol
and ammonium adsorption onto Fe-ZSM-5 (B) are dis-
played. The pseudo-first and pseudo-second-order kinetic
models show a linear relationship, with R* values ranging
from 0.8661 to >0.99, respectively.

The pseudo-second-order kinetic model more accurately
corresponds to the experimental data of phenol and
ammonium adsorption onto Fe-ZSM-5. The correlation
coefficient R? values are between 0.9917 and 0.9976 based
on the initial concentrations of the pollutants. Moreover, it
can also be noted that the values of adsorption capacities
(ge (mg/g) at equilibrium are near those calculated through

’r @ Springer

experimental results. Previously published studies have
also presented that the pseudo-second-order kinetic model
fits well for the adsorption data of pollutants, such as
phenol (Bizerea Spiridon et al. 2013).

Conclusion

The conclusions of this study are as follows.

The incorporation of Fe in the framework of ZSM-5
occurs to a certain extent in all three samples prepared by
different methods and ion exchange. The iron in the FeCl;
method for the ZSM-5 materials (C) appeared to agglom-
erate compared with the iron in the AIC ZSM-5 (B) zeo-
lites. Although ICP depicts only a slight difference in the
quantity of Fe in both samples (B and C), sample C was
shown to be an inferior material during characterization, as
it showed substantial aggregation and more extra-frame-
work iron as well as a low BET compared to sample B.
Therefore, it is clear that the Fe-ZSM-5 prepared by the
novel iron source AIC has the best characteristics with the
highest Fe content (60 % of added) reported to date with-
out any change in the properties of ZSM-5. The results of
phenol and ammonium removal also supported our theory
regarding the excellent catalytic ability of Fe-ZSM-5 pre-
pared by an AIC catalyst. Therefore, it is understandable
that Fe-ZSM-5 (B) material has potential regenerative
applications in the fields of catalysis, volatile organic
removal and wastewater treatment, among others.
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