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a b s t r a c t
A novel 3 wt.% Fe-containing clinoptilolite catalyst was prepared starting from a natural zeolite 
followed by a ion-exchange synthesis. A Fe-containing ZSM-5 catalyst (commercial zeolite as support) 
was also prepared for comparison purpose. Both Fe-based catalysts, along with the unexchanged 
samples, were characterized by complementary techniques (e.g. X-ray powder diffraction (XRD), N2 
physisorption at –196°C, transmission electron microscopy (TEM), field emission scanning electron 
microscopy (FESEM), energy dispersive X-ray spectrometry (EDS) microanalysis). Then, their possible 
application in wastewater remediation was tested with a solution of azo-dyes acid orange 7 (AO7), as 
target molecule for azo dyes. As a whole, remarkable results in the AO7 degradation were obtained 
with the Fe-clinoptilolite in the presence of both ascorbic acid (AA) and H2O2. Specifically, AO7 con-
version of about 60% was observed over the Fe-clinoptilolite (reaction time = 60 min). Lower perfor-
mances were achieved in the presence of Fe-ZSM-5 coupled with ascorbic acid and H2O2 (AO7 conver-
sion ~ 40%, t = 60 min.), despite the significantly higher SSA of the commercial ZSM-5. Noteworthy, the 
beneficial role of the ascorbic acid coupled with H2O2 was observed for both Fe-containing catalysts, 
thus confirming the key role of both oxidant and reductant agents in Fenton-like processes.
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1. Introduction

Over the years, the interest toward the clinoptilolite, one 
of the most useful naturally occurring zeolites, significantly 
increased due to its possible applications in various areas such 
as industry, agriculture, environmental protection, and even 
medicine [1–3]. In particular, clinoptilolite is probably the 
most used natural zeolite for the adsorption of either organic 
molecules or metal ions in the wastewater treatment [4–9]. 
Suitability for these applications is related to its good textural 

and structural properties, high resistance to extreme tempera-
tures and chemically neutral basic structure. Moreover, the 
clinoptilolite framework (Na4 K4)(Al8 Si40O96) 24H2O contains 
cavities in the form of channels and cages (3.9 × 5.4 Å) occu-
pied by H2O molecules and extra-framework cations (K+, Na+, 
Ca2+ and Mg2+ ) that are commonly exchangeable. However, 
an efficient ion exchange between the starting zeolite in aque-
ous solution and the salt, which contains the desired in-go-
ing cation, allows obtaining the desired metal-containing 
zeolite. In this scenario, Fe-containing zeolites seem to be an 
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effective system for Fenton-type mechanism in water reme-
diation. Fe-doped materials generally follow a Fenton-like 
mechanism, which is known to occur not only in solution, but 
also with heterogeneous catalysts, where both surface Fe2+ and 
Fe3+ ions react with H2O2 to form hydroxyl radicals [10–12].

Moreover, our recent works on the degradation of the 
azo-dyes acid orange 7 (AO7) over Fe-TiO2 systems [10–12] 
have confirmed that the Fenton-type mechanism can be 
promoted in the presence of both hydrogen peroxide and 
ascorbic acid (Fenton-like agents) in solution.

In the present study, a novel 3 wt.% Fe-containing 
clinoptilolite sample was prepared by cation-exchange 
method. Similarly, a Fe-containing ZSM-5 sample was 
prepared for comparison. The idea is to compare natural 
clinoptilolite to a commercial ZSM-5 to see which product 
has the better performance toward AO7 degradation. The 
prepared catalysts were characterized by physico-chemical 
techniques (XRD, N2 physisorption at –196°C, TEM, FESEM 
and EDS analysis). Catalysts activity was tested in dark 
conditions for the degradation of AO7 in aqueous solution, a 
rather stable azo-dyes pollutant, in the presence of either H2O2 
or ascorbic acid as oxidant/reductant agents, respectively.

2. Materials and methods

2.1. Materials preparation

Both the 3 wt.% Fe-Clinoptilolite (herein labelled as 
Fe-Clin) and 3 wt.% Fe-ZSM-5 samples were synthesized 
by the ion-exchange procedure. The zeolite supports are 
clinoptilolite, a natural zeolite from Zeolado Company 
(Greece) and ZSM-5, a commercial zeolite from Alfa-Aesar 
(Si/Ai = 50:1). The ion-exchange synthesis procedure used to 
prepare the two catalysts is the following:

Briefly, clinoptilolite or ZSM-5 (1 g of powder) was addend 
into a backer with 250 ml of deionized water. Then, 0.217 g of 
iron(III) nitrate nonahydrate (Sigma-Aldrich, Germany) were 
added to the solution containing either clinoptilolite (Clin) 
or ZSM-5. The mixture was stirred for 2 h at 50°C and sub-
sequently the slurry solution was centrifugated for 10 min. 
Then, the powder was washed with deionized water, dried 
overnight and finally calcinated at 550°C for 4 h.

2.2. Materials characterizations

The powder X-ray diffraction patterns were col-
lected on an X’Pert Philips PW3040 diffractometer using 
Cu Kα radiation (2θ range = 5°–50°; step = 0.05° 2θ; time per 
step = 0.2 s). The diffraction peaks were indexed according 
to the Powder Data File database (PDF-2 1999, International 
Centre of Diffraction Data, PA, USA). The specific surface 
area (SBET) and total pore volume (Vp) were measured by the 
N2 physisorption at −196°C (Micromeritics Tristar II 3020, 
v1.03, Micromeritics Instrument Corp., Norcross, GA, USA, 
2009) on samples previously outgassed at 200°C for 4 h. This 
step is necessary to eliminate adsorbed molecules on the zeo-
lite surface (i.e. H2O). The specific surface area of the sam-
ples was calculated using the Brunauer-Emmett-Teller (BET) 
method. The morphology of the samples was investigated by 
means of both a field emission scanning electron microscope 
(FESEM Zeiss MERLIN, Gemini-II column, Oberkochen, 

Germany) and a transmission electron microscope (the 
Tecnai G2 20, 200 KV). The Fe-content was determined by 
EDS analysis on several 10–50 nm diameter spots.

2.3. Catalytic activity

The AO7 conversion (%) was studied in dark condition 
by adding 1.0 g L–1 of catalyst powder (either Fe-Clin or 
Fe-ZSM-5) to 100 mL of 1.42 mM AO7 solution at natural pH 
of 6.80. The suspension was stirred at room temperature for 
60 min. 

To investigate the Fenton-type process, ascorbic acid (AA) 
and H2O2, along with the catalysts (Fe-Clin or Fe-ZSM-5) 
were considered for the AO7 degradation. The concentration 
of both AA and H2O2 in the AO7 solution was 2.67 10–3 M, in 
order to have the stochiometric balance with the Fe loaded.

Aliquots of the suspension were collected at regular 
intervals of time (namely at 10, 20, 30, 40, 50 and 60 min.), the 
supernatant fraction was separated by centrifugation (ALC 
centrifuge PK110, at 4,000 rpm for 2 min) and the UV–vis 
spectrum was measured in the 190–800 nm range on a Cary 
5000 UV–vis–NIR spectrophotometer (Varian instruments), 
using a quartz cell with 1-mm path length. The concentration 
of AO7 was evaluated following the intensity at 484 nm, 
related to the hydrazone form (in equilibrium with the azo 
species, Fig. 1) by the UV-vis spectroscopy. 

Degradation (%) of AO7 was calculated as 100·(C0–Cf)/C0 
where C0 and Cf are the initial and the final dye concentration 
(mM), respectively. 

The initial rates (mmol s–1) were calculated by the 
equation:

Initialrate =
AO7 mmol/L] L

sec/min]
converted [ . [ ]
[min] [

×
×

0 1
10 60 �

(1)

where the initial rate is considered in terms of mmol AO7 
converted in a volume of 100 ml over a reaction time of 10 min.

3. Results and discussion

3.1. Physico-chemical properties

In Fig. 2 is reported the XRD patterns for all the samples.
Clin sample shows a high crystallinity, with intense peaks 

at 2θ = 9.92°, 22.43° and 30.50°, characteristic of the clinoptilo-
lite material (reference code of the clinoptilolite: 00-039-1383) 
[13]. The peak at 2θ = 22.43° is the most intense peak of the 
clinoptilolite.

In the Fe-Clin sample, it is possible to observe: (i) a 
decrease of intensity; (ii) most of the diffraction peaks show 
the same position of the unexchanged sample; (iii) a small 2θ 
shift of the most intense peak results for the Fe-Clin (22.46°) 
as compared with the Clin (22.36°) (Fig. 2(b)).,. This finding 
suggests small changes in zeolite unite cell, with a possible 
shrinkage of the Clin framework due to the ion-exchange 
treatment with Fe3+ cations (ionic radius = 0.92 Å) able to 
remove larger cations i.e. K+ (ionic radius = 1.18 Å) from the 
framework. The XRD patterns for the comparative samples 
(Fe-ZSM-5 and pure ZSM-5) exhibit the characteristic peaks 
of the ZSM-5 material, thus confirming the good stability of 
the material.
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(a)
(b)

Fig. 1. Schematization of azo- and hydrazone structures of AO7 (1.42 mM) (a) along with the UV-Vis spectra of AO7 solution (1.42 
mM), H2O2 (2.67 mM) and AA (2.67 mM) (b).

(a) (b)

(c) (d)

Fig. 2. XRD patterns of Clin and Fe-Clin (a) and their magnification (b). ZSM-5 and Fe-ZSM-5 (c) and their magnification (d).
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Table 1 summarizes the specific surfaces areas (SSA) for 
the materials as derived by the N2 physisorption at –196°C. 

As expected, a lower (about one-tenth) SSA values 
can be observed for both the Clin and Fe-Clin samples as 
compared with the ZSM-5-type materials. The presence of Fe 
species into the framework does not modify the SSA of the 
clinoptilolite, whereas a significant reduction of the surface 
area can be observed for the Fe-ZSM-5, that may be due to 
the formation of several extra-framework FeOx clusters on 
the MFI surface [14–16].

In Fig. 3 are shown the N2 sorption isotherms for the 
samples previously outgassed at 200°C for 4 h. 

Both the Fe-Clin and Clin samples exhibit similar 
isotherms and the capillarity condensation is followed by the 
H3-hysteresis, as observed elsewhere [17,18]. As is known, 
H3-hysteresis does not exhibit any limiting adsorption at 
high p/p0. They are produced by aggregates of plate-like 
particles or assemblages of slit shaped pores and should not 
be expected to provide a reliable assessment of either the 
pore-size distribution or the total pore volume.

On the other hand, the presence of Fe species modifies 
the SSA for the ZMS-5-type material. The reason could be 
explained by the presence of FexOy clusters on the external 
surface of ZSM-5. These extra framework clusters could 
affect the average pore dimensions because occlude the 
ZSM-5 cavities. However, they did not modify the ZSM-5 
structure, as confirmed by the XRD analysis (no-significant 
shift was observed between the XRD peaks of the Fe-ZSM-5 
and those of the ZSM-5).

Fig. 4 shows the FESEM images of the samples at 
comparable magnification. As expected, the clinoptilolite 
exhibits the flake-like structure where the particles are flat 
and stacked in layers [19].

When the Fe was incorporated in the clinoptilolite 
structure, the flakes look smaller and less compacted with the 
presence of smaller particles. This finding has been confirmed 
by the TEM analysis (Fig. 5): the Clin particles are bigger (up 
to few hundred nanometers) than those of the Fe-Clin sample. 
The clinoptilolite exhibits the characteristic flake-like shapes 
with average dimension of 35 nm of thickness and 120 nm of 
length. These information were found using ImageJ software 
by the analysis of FESEM and TEM images. Conversely, the 
ZSM-5 particles have an average diameter of 270 nm.

On the other hand, it is not possible to appreciate 
significant morphological differences between the Fe-ZSM5 
and ZSM-5 samples.

The Fe-content (wt.%) in the zeolites was estimated by 
the EDS analysis on several areas (average values for the 
elements are reported in Table 2). 

It appears that the Fe content in the Fe-Clin sample is 
3.6 wt.%, whereas the amount of several other metals like K, 
Ca and Na, that decreased, thus suggesting an ion-exchange 
procedure for this sample. On the other hand, the typical 
composition of the clinoptilolite [9,20] was confirmed for the 
Clin sample. The comparative Fe-ZSM-5 sample exhibits a 
lower amount of Fe (2.1 wt.%).

3.2. Catalytic tests

The structural formula of the AO7 and its UV-Vis 
spectrum are shown in Fig. 1: the hydrazone form, stable 
in the solid phase, in aqueous solution under-goes an 
azo-hydrazone tautomerism, by an intra-molecular pro-
ton transfer [10–12]. The two peaks at 310 and 230 nm and 
the shoulder at 256 nm are due to aromatic rings absorp-
tions whereas the peak at 484 nm is due to the n-π* transi-
tion involving the lone pair on N atoms and the conjugated 
system extending over the two aromatic moieties and encom-
passing the N–N group of the hydrazone form. The signal 
at 403 nm has a similar nature, involving the N–N group of 

Table 1 
Speficic surface areas (SSA) for the Clin, Fe-Clin, ZSM-5 and  
Fe-ZSM-5

Catalyst SSAa (m2g–1)

Clinoptilolite 36
Fe-Clinoptilolite 35
ZSM-5 412
Fe-ZSM-5 367

aValues calculated by the BET method.

(a) (b)

Fig. 3. N2 adsorption/desorption isotherms at –196 °C for: Clin and Fe-Clin sample (a); ZSM-5 and Fe-ZSM-5 (b). 
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Fig. 4. FESEM images of the samples. 

Fig. 5. TEM images of the samples.
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the azo form. Absorbance spectra for AA and H2O2 are also 
reported for comparison purposes.

Fig. 6 compares the AO7 degradation in the absence of 
the catalysts. The (non-catalytic) reaction between AO7 and 
H2O2 was also studied. The UV–vis spectra taken with H2O2 
are reported in Fig. 6(a): no change is observed in the AO7 
bands over a reaction time of 60 min. Similar results were 

obtained for the reaction between AO7 and AA, as shown 
in Fig. 6(b). On the other hand, it appears that AO7 and 
H2O2/AA can react together to a small extent, as confirmed 
by a decrease in the band at 484 nm, reflecting of the AO7 
degradation (Fig. 6(c)) [10–12,22,23]. In fact, about 30% of 
AO7 conversion is observed over a reaction time of 60 min. 

Fig. 7 reports the UV–vis spectra of the AO7 solutions 
with the Fe-Clin sample, at different reaction times.

The only presence of the Fe-Clin catalyst in the AO7 
solution does not activate any degradation process, as 
confirmed by the UV-spectra (Fig. 7(a)). The same results 
were observed for the degradation of AO7 with Fe-Clin and 
H2O2 (Fig. 7(b)).

The reaction between AO7 and Fe-Clin/AA pro-
duces few changes after 10 min, where the band at 
484 nm decreases (degradation ~ 10%) and a band 
ca 250 nm increases (Fig. 7(c)). However, at longer times, 
it appears that reversible phenomena occur, suggesting 
adsorption/desorption processes rather than a real degra-
dation of the AO7 molecule [22–23].

Noteworthy, an actual AO7 degradation occurs when the 
Fe-Clin is in presence of both AA and H2O2 (Fig. 7(d)). After 
only 10 min, the main band of AO7 decreases about 60% and 
then it stabilizes. This behavior could be ascribable to the 
consumption of the AA which is able to reduce the Fe3+ into 
Fe2+: in this case, compare with Fig. 7(c), ferrous ions can react 
with AO7 molecules through radicals produced by H2O2.

(a) (b)

(c)

Fig. 6. UV-Vis spectra of AO7 solutions. Results obtained during the degradation of AO7 in the presence of H2O2 (a), AA (b) and 
AA/H2O2 (c). AO7 = 1.42 mM; pH 6.80; H2O2 = 2.67 mM; AA = 2.67 mM; AA/H2O2 (1:1) = 2.67 mM.

Table 2
EDS values for the Clin, Fe-Clin and Fe-ZSM-5 samples

Element Clinoptilolite 
weight (%)a

Fe-Clinoptilolite 
weight (%)a

Fe-ZSM-5 
weight (%)a

O 41.7 ± 0.4 52.4 ± 0.4 55.2 ± 0.4
Si 39.9 ± 0.3 33.2 ± 0.33 40.7 ± 0.3
Al 7.8 ± 0.2 6.2 ± 0.15 1.5 ± 0.1
K 5.5 ± 0.2 2.2 ± 0.12 –
Ca 2.8 ± 0.2 2.0 ± 0.13 –
Fe 1.7 ± 0.2 3.6 ± 0.26 2.1 ± 0.2
Mg 0.5 ± 0.1 0.3 ± 0.06 –
Na 0.1 ± 0.00 – –
N – – 0.5 ± 0.1
Total 100.00 100.00 100.00

aValues reported with their deviation standard.
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(a) (b)

(c) (d)

Fig. 7. UV-Vis spectra of different AO7 solutions. Results obtained during the degradation of AO7 in the presence 
of Fe-Clin (a), Fe-Clin/H2O2 (b), Fe-Clin/AA (c) and Fe-Clin/H2O2/AA (d). AO7 = 1.42 mM; pH 6.80; H2O2 = 2.67 mM; 
AA = 2.67 mM; AA/H2O2 (1:1) = 2.67 mM.

(a) (b)

(c) (d)

Fig. 8. UV-Vis spectra of different AO7 solutions. Results obtained during the degradation of AO7 in the presence of Fe-ZSM-5 
(a), Fe-ZSM-5/H2O2 (b), Fe-ZSM-5/AA (c) and Fe-ZSM-5/H2O2/AA (d). AO7 = 1.42 mM; pH = 6.80; H2O2 = 2.67 mM; AA = 2.67 mM; 
AA/H2O2 (1:1) = 2.67 mM.
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Similar considerations can be extended to the 
degradation of the AO7 with the Fe-ZSM-5 catalysts (Fig. 8), 
thus confirming the results. In the present case, however, the 
AO7 degradation with the Fe-ZSM-5 in presence both AA 
and H2O2 appears worse compared with the Fe-Clin even if 
the much higher SSA of the commercial zeolite. A possible 
explanation of this result is the fact that different amounts 
(wt.%) of Fe are present into the two catalysts. 

Fig. 9 summarizes the AO7 conversions (%) obtained 
with Fe-Clin (Fig. 9(a)) and Fe-ZSM-5 (Fig. 9(b)) as a function 
of reaction time at different reaction conditions. Results for 
non-catalytic reactions (namely, between AO7 and H2O2, 
AA, AA/H2O2) are also reported. As a whole, it is possible 
to observe that best performance (AO7 conversion ~ 60%) 
is achieved with the Fe-Clin in presence both AA and H2O2. 
This result confirms the important role of both oxidant and 
reductant agents in Fenton-like processes.

In fact, the presence of Fe species and H2O2 leads to a 
Fenton-type process effective for the AO7 degradation, as 
follows:

Fe2+ + H2O2 → Fe3+ + OH– + HO·� (2)

Fe3+ + H2O2 → Fe2+ + H+ + HO2� (3)

HO· + H2O2 → HO2· + H2O� (4)

HO2· + H2O2 → HO· + H2O + O2� (5)

AO7 + HO → degradation products� (6)

Both the Fe2+ and Fe3+ species seem to be active for 
Fenton-type processes, although Fe3+ leads to slower kinet-
ics [12,22–24]. However, our recent studies [10–12,21] 
confirmed the beneficial role of the co-presence of H2O2 and 
AA to promote the Fenton-like processes in the presence of 
transition metals with high oxidation state (namely V and 
Fe). AA and H2O2 lead to the formation of higher amounts 
of radicals, the key products in the Fenton chemistry. As a 
result, the presence of both oxidant and reductant enhance 
the overall reactivity of the Fenton-like process. 

In order to compare the results for the AO7 degradation 
using different catalytic systems, the initial rates are 
reported in Fig. 10. The latter confirms the highest initial 
rate for the Fe-Clin_H2O2_AA system (1.25 10–4 mmol s–1), 
followed by the Fe-Clin _AA (2.05 10–5 mmol s–1) and then 
Fe-ZSM-5_H2O2_AA (1.79 10–5 mmol s–1).

4. Conclusions

In this study we demonstrated that a natural zeolite 
(clinoptilolite) can undergo to an easy cation-exchange to 
increase the amount of naturally iron present and there-
fore it can be more efficiently used in wastewater remedi-
ation. We prepared a 3 wt.% Fe-Clin sample which shows 
good performances for the AO7 degradation in presence 
of both H2O2 and AA. Similarly, a Fe-containing ZSM-5 
material was prepared for comparison. Both samples, 
along with the unexchanged zeolites were characterized 
by complementary techniques. Wastewater remediation 
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Fig. 9. Degradation of AO7 (conversion values, %) with Fe-Clin 
(a) and Fe-ZSM-5 (b) as a function of reaction time at different 
reaction conditions. AO7 = 1.42 mM; pH = 6.80; H2O2 = 2.67 mM; 
AA = 2.67 mM; AA/H2O2 (1:1) = 2.67 mM.

Fig. 10. Initial rates (mmol s–1) for the degradation of AO7 with 
Fe-Clin, Clin, Fe-ZSM-5 and ZSM-5 samples at different reac-
tion conditions. AO7 = 1.42 mM; pH = 6.80; H2O2 = 2.67 mM; 
AA = 2.67 mM; AA/H2O2 (1:1) = 2.67 mM.
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tests were performed with AO7 solutions to investigate 
the Fenton-type activity in the presence of AA and H2O2. 
Interestingly, the best performances (in terms of initial 
rates and AO7 conversion values) were observed for the 
Fe-Clin sample. This finding suggests that Fe-containing 
natural zeolites can be used for Fenton-type processes in 
wastewater remediation.
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