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a  b  s  t  r a  c t

Iron  modified  ZSM-11  zeolites  were tested as  heterogeneous catalysts  in the  photodegradation  of Dichlor-
vos water solutions.  ZSM-11  zeolite matrixes  were  synthesized  by  the  hydrothermal  method  and  iron
was  incorporated by  the  wet  impregnation  method  in four  different concentrations.  Catalysts  samples
were  characterized by  several techniques  (XRD,  BET,  UV–vis  DRS,  ICP-OES,  TPR, EPR) in order to confirm
structure,  crystallinity  and  iron  species  present.  a-Fe2O3 was detected  by  XRD  in higher iron  content
samples  and  it presence  was confirmed by  EPR,  TPR  and  UV–vis  DRS. Band  gap energies  for  Fe/ZSM-11
dation
ous catalysis

samples  were  closer  to  that  reported for  pure  a-Fe2O3. The materials so  far characterized were  tested as
heterogeneous  catalyst in Dichlorvos photodegradation.  Fe/ZSM-11  with  a  6 wt%  of iron  incorporation
showed the  best catalytic  behavior. Higher iron  loadings showed  lower degradation efficiencies.  This
material  is reusable  for at least  six catalytic  cycles  without considerable  differences  among  the  DDVP
amount degraded.

© 2016  Elsevier  B.V.  All rights  reserved.
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 to the wide applications of intensive agricultural tech-
 the past few decades and to the fast development of
ical industry, the varieties and quantities of agrochem-

sent in surface and ground waters have considerably
. Most pesticides are resistant to  chemical and/or photo-

 degradation under natural environmental conditions [1].
, the effective removal of these pollutants from wastew-
roblem of great practical importance and interest.

 treatment technologies applied nowadays such as
n, sedimentation, and membrane technologies merely
te the present pollutants by transferring them to other

their
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ut they do  not eliminate pesticide residues. Other methods
hotolysis [2], adsorption [3],  ozonation [4] and ultra-
diation [5] have been studied for their degradation, but
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ciency is not enough. All these questions have led to
earch groups working in the field of  “Advanced Oxida-
esses (AOP)” to research in  innovative water treatment
gies based on the in situ generation of highly reactive
y species such as •OH for mineralization of refractory
ompounds. Among these AOP, heterogeneous photocatal-
loying semiconductor catalysts (TiO2, ZnO, Fe2O3, CdS,

 ZnS) appears as an emerging and cost effective technol-
 which shows as main advantage a  complete degradation

inants to harmless compounds such as CO2, water and
 salts [8].  Commercial TiO2 (Degussa P-25) is  one of the
ular semiconductors used as photocatalyst at laboratory
ause of its stability, low cost, and good efficiency to cat-
anic compounds degradation [9,10].  Nevertheless, TiO2
a  low surface area (50 ± 15 m2/g), a  small particle size,
fficult their recovery from the effluent wastewater, and
d in suspension, forms aggregates with lower surface area.
itations of TiO2 as catalyst have led  to  look forward mate-
 similar efficiencies, but that possess higher specific area
cle size.
e other hand, there are many reports involving the mod-
of porous adsorbents with transition metal ions used as
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alysts [11]. Many materials such as silica gel, glass fibers,
, cellulose membranes, polymer films, and zeolites have
ed as supports [12]. Particularly, zeolites are microp-
stalline inorganic materials capable of adsorbing organic
s [13,14].  Zeolites possess a  regular periodic structure
nnels and cages extending all over the crystal lattice, in
e adsorption of organic guest molecules may  occur on
external and internal surfaces of the crystal. Cations (e.g.
ted in the zeolite cages, channels and cavities, can be
d for other cations. The size, number and position of the
d cations contribute significantly to the catalyst activ-
Recently, Fe(III)-doped zeolites have attracted attention
researchers working in the field of environmental catal-
to their activity in photo Fenton reactions. The catalytic
f Fe(III)-doped zeolites was also investigated for photo-
degradation of phenol, Imidacloprid [16] and different
azo dyes [17].  According to  Mohamed et al. [18],  Fe(III)
psulated inside zeolites may  be located into two  differ-
(octahedral and tetrahedral) which lead to  the formation
ctive sites that are responsible for the improvement of
n properties of these types of catalysts especially for the
f many organic pollutants.
rvos (2,2-dichlorovinyl-o,o-dimethyl phosphate) is  an
e used in crops, animals and pest-strips that causes
ition of the enzyme acetylcholinesterase, which pro-
rotoxic effects including perspiration, vomiting, diarrhea,
ss, fatigue, headache, and, at high concentrations, con-
and coma after both acute (short-term) and chronic

m) exposure to humans. The extensive use of Dichlorvos
 increased the incidence of pancreatic, mammary glands,
tomach tumors in animals according the National Toxicol-
am (NTP) from the United States. Furthermore, the United
vironmental Protection Agency (EPA) [19] has classified
s as a  Group B2, probable human carcinogen.

 paper we  report the synthesis, characterization and use
doped ZSM-11 zeolites as active catalyst for the degrada-
ichlorvos. Fe/ZSM-11 shows a  catalytic efficiency similar

 TiO2, but has the property to  expand the spectral range of
n making it possible to employ sunlight as energy source.
f this study is to develop a  solid catalyst capable of degrade
s from water solutions, presenting stability in  several
ycles and to determine its optimal reaction conditions.

imental

aration of Fe/ZSM-11

a/ZSM-11 zeolite (Si/Al =  17) was obtained by hydrother-
tallization in the Na2O-Al2O3-SiO2 system, using the

 reactants: silicic anhydride (Fluka), as the source of sili-
lO2 (sodium aluminate, Jonhson Matthey Electronics) for

 and TBAOH (tetrabutylammonium hydroxide, Fluka) as
, by  known methods [20]. The ammonium form of the cat-

 prepared by ion-exchange with 1 M  ammonium chloride
t 80 ◦C for 40 h.

ron containing zeolites (hereafter Fe/ZSM-11) were
 by the wet impregnation method. Four different concen-
f the iron aqueous solutions (FeSO4

.7H2O, Cicarelli) were
each an Fe(III)-content of 2,  6, 10 and 20 wt%. The NH4-

as dispersed in  the precursor aqueous solution at room
ure. Afterwards, the solvent (water) was slowly removed
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lyst characterization

er XRD diffraction patterns of the materials were collected
alytical X’pert PRO diffractometer equipped with Cu Ka
n the 2u range 5◦–60◦ in steps of  0.05◦ with a count

 s at each point. Surface area determinations from N2
n–desorption isotherms using Brunauer–Emmett–Teller
thod were carried out with a  Micromeritics ASAP 2000
nt. UV–vis diffuse reflectance spectra (UV–vis DRS) in
ce mode were recorded using a  Jasco V 650 spectrometer
velength range 200 to 900 nm.  The elemental composition
thesized catalysts was determined by  inductively coupled
tomic emission spectroscopy with a  VARIAN VISTA MPX

ultaneous ICP-OES, previously digested in H2SO4,  H3PO4
edia.

erature programmed reduction (TPR) studies were done
cined Fe-containing zeolites in an Autochem 2910
ritics equipment. Typically, 100–170 mg  of pelletized
(0.2–0.4 mesh) were used in  order to  have a  constant
f iron in all the samples. Samples were firstly pre-
nder Argon flow (50 mL/min) at room temperature during
hen, gas flow was  changed to 10% H2/Ar (50 mL/min.)
erature was raised from 25 to  800 ◦C at 10 ◦C/min using
er-controlled program. The hydrogen uptake was moni-
means of a  TCD detector connected on-line, and data will
he evolution of TCD signal in function of the increasing in
ure. Calibration of the equipment was made under same
ntal conditions using CuO as reference sample.
le temperature X-band EPR measurements were per-

n a Bruker EMX  plus spectrometer equipped either with an
itrogen continuous-flow cryostat (100 K-room tempera-
ith an Oxford helium continuous-flow cryostat (3–100 K).
es for EPR spectroscopy were prepared by  weighting
ounts (8 mg)  of powder samples of Fe/ZSM-11 and
side 4 mm inner diameter EPR quartz tubes (sample

5 mm).  All tubes were placed inside the EPR spectrome-
ance cavity at the same position and measured under the
erimental conditions. Experimental conditions were field
on, 100 kHz; modulation amplitude, 0.5 mT; microwave
.2 mW;  microwave frequency, 9.46 GHz.

lytic experiments

degradation experiments of Dichlorvos (DDVP Pestanal,
 water were performed in  cylindrical Pyrex glass batch
f 18 cm ×  8 cm (height × diameter), provided with a water
n arrangement to maintain the temperature in  the range
◦C. The irradiation was carried out using a  125  W

sure mercury lamp placed inside a Pyrex glass jacket ther-
d by water circulation, and immersed in the pesticide

contained in  the reactor. The catalyst was maintained in
n by stirring and air was  continuously bubbled. Previ-

 DDVP solution (400 mL,  1 × 10−4 M),  containing 400 mg
t was  stirred in the absence of light for 30 min. Aliquots
hdrawn at specific time intervals and analyzed after fil-

 remove the catalyst using a  Milliporesyringe adapter
, 0.22 mm).  The variation of the pesticide concentration as

 of the reaction time was determined on an UV–vis Jasco
ble beam spectrophotometer, measuring the absorbance

 [21].  In some cases, high performance liquid chromatog-
PLC Perkin Elmer equipment), with a  250 mm × 4.6 mm

se phase column, and a  mixture of water (50%) with ace-
(50%) as solvent, 1 mL/min flow rate, was employed. A
electrode (Phoenix Clo 1508-003B) was used to follow
ions, along the reaction period. Iron content in the liquid
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Table  1
Iron content, Si/Al ratios, and surface area parameters (SBET )  of ZSM-11 catalysts.

Catalyst Fe Si/Al SBET (m2/g)

NH4-ZSM-11 – 19.09 386
Fe/ZSM-11 (2%) 2.08 19.05 360
Fe/ZSM-11 (6%) 6.39 19.00 318
Fe/ZSM-11 (10%) 9.14 18.40 282
Fe/ZSM-11 (20%) 18.49 18.04 248
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ts and discussion

lysts characterization

er to confirm the effective iron incorporation into the
atrix, ICP analysis were performed for all the modified
Table 1 summarizes the iron content and the Si/Al ratio
terials under study. As could be observed, there is  a  good
t between theoretical and the Fe  amount determined by
ique.

1 shows also the catalyst surface area of Fe(III)-modified
etermined by the BET method. This parameter is impor-
etermine the efficiency of the material to be used as

alyst, since catalytic photodegradation is developed in its
2].  It  is  observed a  slightly and gradually decrease in the
ea parameter values with the incorporation and the incre-
iron content. This could be due to deposition of oxide
on the zeolite matrix surface and pore blocking. A sim-
ncy was also reported by other authors for this kind of

 metal-modified materials [23].
 Diffraction (XRD) studies were performed to  determine
nce of metal species or oxides deposited on the support
nfirm the crystallinity and structure of the Fe/zeolite cat-
. 1 shows XRD diffraction patterns of the NH4-ZSM-11

with those of Fe(III)-doped (from 2 to 20 wt%) modified
After the metal incorporation process the zeolite struc-
preserved since the analysis of the XRD patterns indicates
e-zeolites have crystallinity almost identical to that of the
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Fig. 2. TPR  profiles of the Fe/ZSM-11 samples.

matite, PDF #33-0644) [25,26].  These peaks were solely
igher iron content zeolites. The absence of other hematite

 lower iron content samples could be attributed either to
dispersion of these species in the channels and cavities
olites, or to a significantly small oxide particle size [15].
e of Fe/ZSM-11 (2%) sample the absence of  signals corre-

 to  a-Fe2O3 may  be  explained since the supported FeOx
icles are too small to  be detected by  XRD [27].
ight reduction in  intensity of the ZSM-11 characteristic
igher iron concentrations could be attributed to a dilution
the zeolite matrix in the catalyst considering a  greater
n of metal species (higher Fe/Si molar ratio) [16].
ducibility of metal species is  a powerful tool to analyze
support interaction. Fig. 2 shows the results of  H2-TPR

ents obtained for iron modified ZSM-11 zeolites after
n treatment (further information Table 1,  Supplementary
. Samples with low metal content (2 and 6 Fe  wt%) pre-
milar TPR profiles with two peaks centered at 375 and
at could be  assigned to  Fe2O3 → Fe3O4 and Fe3O4 → FeO,
ely [28]. In contrast, Fe/ZSM-11(10%) sample showed
uction peaks at 375, 475 and 600 ◦C. The first two

rrespond to the reduction process Fe2O3 → Fe3O4 → FeO,
the third one was assigned to FeO → Fe0 reduction [29].
s centered at 475 and 600 ◦C were observed for Fe/ZSM-11
ich were attributed to the Fe3O4 → FeO → Fe0 reduction
onsidering that iron oxides reductions are typically car-

at temperatures lower than 400 ◦C [30], the shift of the
higher reduction temperatures could be due to  an stabi-
ffect by the zeolite support.
UV–vis DRS spectrum of NH4-ZSM-11 presents a
200 nm assigned to Al-O charge-transfer transition of
rdinated framework aluminum. The shoulder at 250 nm
ned to structures with highly ordered octahedral symme-

ding to  literature [32,33] isolated Fe3+ ions incorporated
matrix in  tetrahedral and octahedral coordination show
ansfer bands of oxygen atoms (O2− → Fe3+)  at 220 and
espectively. The last band can clearly be detected in the
RS spectra of the Fe/ZSM-11samples, as long as the band at
erlapped to the Al-O charge-transfer zeolite characteristic
. 3).
onaly, Fe incorporation produces an increase of  the

ce of the Fe/ZSM-11samples in  the 300–600 nm region.
rement can be due to the overlap of  the band at
ssigned to Fe3+ ions forming oligonuclear clusters in

mework positions [34],  and the absorption features (at
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d g =  2.7 EPR signals have been assigned to antiferromag-
coupled Fe(III) oxides (a-Fe2O3,  æ-Fe2O3 and FeO(OH))

n  both pores and surface of zeolites [39–41].  The g =  4.3
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ssessing a  large zero-field splitting (D >  0) with distinct
f distortion [42]. This signal is attributed to  isolated Fe(III)
rporated into the zeolite lattice in  tetrahedral or octahe-
dination.
R signal at g = 4.3 is  observed in  all the temperature range,
s presence is more noticeable at temperatures lower than
g. 5). The intensity of this spectral component follows
ately a  Curie’s behavior in the temperature range of room
ure − 200 K, whereas at lower temperatures the intensity

 than that predicted by Curie’s law, as previously observed
-doped ZSM-5 zeolites [43].  This behavior is consistent

well-known fact that the g =  4.3 resonance arises from the
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cies [42].  The intensity of the g = 2.7 spectral component

y constant in all the temperature range. In contrast, the
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, which confirms the antiferromagnetic behavior of the
ce oxidic Fe(III) particles (Fig. 5).
shows the variation of the room temperature g =  2 EPR

tensity as a  function of the Fe(III) concentration in the
eolite lattice. As shown in  this figure, there is a  lineal

hip between the g =  2 chemical species and the zeolite
centration. In contrast, the g =  2.7 and g =  4.3 EPR signals
roximately the same intensity in all the iron concentra-

e (data not shown). These results altogether indicate that
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%), and that the Fe(III) ion remnant accumulates as oxidic
ce particles with g = 2.0. This EPR observation is in agree-
h that obtained from UV–vis DRS, since the absorbance of

 assigned to  isolated Fe(III) species in  tetrahedral coordi-

 octahedral coordination (220 and 285 nm respectively),
crease with the increment of iron content in the support,

 bands at wavenumbers higher than 300 nm, assigned to
 forming oligonuclear clusters in  extra-framework posi-
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Fig. 6. g =  2 EPR signal intensity of Fe/ZSM-11samples as function of iron content at
room temperature.
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er to  determine Fe loading effect in  Fe/ZSM-11 catalytic
r Dichlorvos (DDVP) photodegradation, a  series of exper-
ere performed (Fig.  7). The unmodified matrix did not

 photocatalytic behavior since around a  15% of adsorp-
e pesticide was obtained without light irradiation and not
ble changes were obtained under it. In  the case of iron

 ZSM-11 samples, after 240 min  of reaction over a 50%
inant concentration reduction was obtained. When iron
creases from 2 to 6%, DDVP degradation rate enhances;

 higher Fe loadings (10 and 20%) were employed, degra-
sults were poorer than those obtained for Fe/ZSM-11 (6%).
vior could be attribute to a  pore blockage because of the

on content, that produces a  lower surface area and so a
ect ice absorbance capacity.
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Fig. 8. Bubbling gases effect in DDVP degradation.

ce Fe(III) species with g = 2. The role of the g =  2.7 species in
is  less clear as no significant variations with Fe(III)-doped
ation were detected, but the fact that their zeolite incor-
is similar to that of g = 4.3 species, suggests that it might

 a  role in  catalysis.
 molecules adsorbed near iron ions easily react in  order to
•OH radicals, which are responsible of the photoreaction

 and the fast contaminant degradation [17]. Taking into
he iron species present in  the synthesized Fe/zeolites and
oyed pH range (pH 3.5–5), the proposed reactions are [44]:

O → Fe(OH)2+ +  H+ (1)

+ hV → Fe2+ + •OH (2)

eads to:

O + hV → Fe2+ + •OH + H+ (3)

st initial step of the photodegradation process produces a
tion of the monomer Fe  (OH)2+ and a  substantial quantity

 converted to Fe2+ [45].  Thus, to maintain higher degrada-
s, but employing lower Fe3+ concentrations, simultaneous
3+ oxidation could be an effective alternative [46]. Dioxy-
ll known to be a  cheap oxidant capable of  maintaining a
Fe+2/Fe+3 ratio, according to:

→ Fe3+ + •O2
− (4)

luate its influence in the degradation process, the reaction
rmed with oxygen, air or  nitrogen bubbling and without

e obtained results, which are  presented in Fig. 8,  confirmed
oting effect of the oxidant presence. Furthermore, molec-
en improves degradation rate and efficiency of  organic
s, since it trapps electrons from the conduction band of
st, avoiding its recombination with the hole [47]:

•O2
− (5)

 formed •O2
− radical being an active oxidant that  could

utral substrates.
 a  hole and an electron are generated on the catalyst
he electron should be quickly removed to prevent the
hole recombination and thus to maintain suitable hole

ation that promote the oxidation process.
ld be seen from Fig. 8,  when oxygen was bubbled in the

(air and oxygen bubbled gases experiences), DDVP com-
radation was  reached after the first reaction hour, while
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n free conditions (without gases and nitrogen bubbled
es), a plateau of 30% in  the pollutant degradation was

. Oxygen appeared to  be a key factor, since Fe+2/Fe+3 con-
eaction 4)  does not take place in its absence, limiting the
ant conversion.
er Fe  specie found in the synthesized samples was the a-
t generates electrons in  the conduction band and holes

lence band when irradiated with energy higher than the
 (Eg =  2.2 eV) [48]. The hole in  the valence band produces
adicals from water oxidation in the catalyst surface, while

ron in the conduction band reduces the oxygen in the
urface, generating the superoxide radical [47]:

 hV → e−+h+ (6)

→ •OH +  H+ (7)

•O2
− (8)

oth Fe species found in  the synthesized catalysts generate
als that improbes the organic contaminant degradation

to get a  complete mineralization.

alyst concentration effect
fect of catalyst mass in  DDVP degradation was studied
0–2000 mg/L concentration range employing Fe/ZSM-11
keeping constant the other reaction parameters (Fig. 2,

entary material). It is  possible to observe an increasing
ion trend until 1000 mg/L, but at higher catalyst concen-
o further improvement was observed, probably due to
spersion effect because of the turbidity and opacity of
on when the solution has a  higher catalyst particles con-

 In the case of iron based catalyst, another cause for this
could be that the Fe2+ species attack the oxidant radicals

H → Fe3+ +  OH− (9)

ing in  a  lower •OH concentration that causes a detriment
ecticide degradation. According to these results, an opti-
yst concentration of 1000 mg/L is necessary to obtain a

 pesticide reduction.

n leaching
vanced oxidation process employing iron photocatalysts
sively been investigated in many organic contaminants

ions [50].  Recently, many papers has been published
g supported iron catalysts [38],  but a  key factor to be
the leaching of Fe ions in the treated water that provokes

 deactivation and causes an additional contamination.
er to  evaluate the catalyst stability and reusability, the
activity under six reaction cycles was evaluated. After
eriment the catalyst was removed by filtration, washed
illed water and dried at 110 ◦C for 12 h.  No additional
treatments were used after each reaction cycle. The
results (Fig. 3,  Supplementary material) confirm the cat-
sability as the activity remained almost constant for six
ive reaction cycles.
t reduction in the degradation percentage (about 5%) after

reaction cycle is probably due to the organic intermediary
tion in the zeolite cavities affecting its adsorption capacity
ity. Thus, it is possible to  state that Fe/ZSM-11 materials

 and stable catalysts for DDVP photodegradation.
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alyst (Fig. 9). This experiment shows that for all the materi-
, the DDVP mineralization percentage was  lower than the
gradation percentage. These results suggest the presence
ation intermediaries. Although the nature of these organic
iaries was  not evaluated, mineralization results allow us
t that O,O,O-trimethyl phosphoric ester and O,O-dimethyl
ic ester are present, in accordance with literature[51]. It
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