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Abstract Two samples of silver doped into zeolite Y were
prepared and characterized. ICP and SEM-EDS analysis indi-
cate that the AgY1 sample contains twice the amount of silver
compared to the AgY2 sample. Solid state luminescence
spectroscopy shows variations in the emission modes of the
site-selective luminescence where various luminophores
might be excited upon selecting the proper excitation energy.
The selected material effectively decomposed the pesticide
fenoxycarb in aqueous solution. The photodecomposition of
fenoxycarb reached 80 % upon irradiation for 60 min in the
presence of the AgY1 catalyst. 2-(4-Phenoxy-phenoxy)ethyl]
carbamic acid (1) and 1-amine-2-(phenoxy-4-ol) ethane (2)
were identified as products for both uncatalyzed solution and
the catalyzed fenoxycarb with AgY2 catalyst. Whereas, com-
pound (2) was the only product identified in the catalyzed
reaction with AgY1.
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Introduction

Insecticides play an important role in protecting food supplies
and reducing the spread of disease. Fenoxycarb (ethyl [2-(4-
phenoxy-phenoxy)ethyl] carbamate) is an example of a
carbamate-type insecticide. It can interrupt insect life cycles,
including inhibition of proper larval development and exten-
sion of seasonal periods of arrest (diapause) (Liu et al. 2008).
Fenoxycarb has been commonly used in crop fields due to its
low toxicity to adult humans and limited persistence in the
environment (Liu et al. 2008). However, it is reported that
fenoxycarb may cause neonatal defects (Oda et al. 2005).
There is also evidence that residues of pesticides on food
including fenoxycarb can be made more bioavailable by the
type of matrix (food) they are in (Payá et al. 2013). This is
made possible by complexes forming with the pesticide and
other compounds that can be more easily absorbed into the
intestine.

Zeolites are aluminosilicate structures commonly used in a
diverse range of applications from cat litter to fuel oil cracking
(Hernández-Maldonado and Yang 2003; Luengnaruemitchai
et al. 2008; Valle et al. 2010; Escola et al. 2011). Numerous
studies have been published by the authors involving zeolite-
assisted photocatalysis of organic pollutants including carba-
mate pesticides (Kanan 2000, 2001; Kanan et al. 2001a, b,
2003a, b, 2006, 2011). The zeolites in these studies are used as
adsorbents for the various pollutants as well as acting as
supports for metal-based photocatalysts that can degrade the
pollutants. One of the most frequently used zeolite
photocatalyst systems is the silver-exchanged faujasite Y ze-
olite. Silver is a popular choice because it can form clusters
within the pores of the zeolite as well as on its surface (Kanan
et al. 2011). Also, silver is chemically stable and can function
as a photocatalyst in natural waters with limited UV light
exposure either from a lamp or a cloudy sky (Kanan et al.
2003a, 2006; Gomez et al. 2011). Faujasite Y zeolite is chosen
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for its high surface area and mesoporous structure (Kanan
et al. 2003a). Starting with a high surface area, support is
especially important because the silver catalyst will fill most
pores, thereby providing an environment for silver particles/
ions to aggregate and form large sized clusters. The authors
have previously used silver-doped Faujasite Y zeolites for the
photocatalysis of pesticides including carbaryl (Kanan et al.
2003a, c). The present study focuses on two different AgY
zeolites (labeled AgY1 and AgY2) for the photodecomposi-
tion of fenoxycarb in distilled water. The AgY2 zeolite has
6.0 % Ag loading by weight and the AgY1 zeolite has 13.7 %
which is the maximum loading reached using the method
described below. Other than their silver content, the zeolites
have the same composition. The properties of the various
catalysts are compared against their photocatalytic perfor-
mance to determine the defining parameters for the degrada-
tion of fenoxycarb.

Experimental

Chemicals

Fenoxycarb crystals under normal conditions having a 99.5 %
purity were purchased from ChemService. Fenoxycarb
solutions were prepared at room temperature in 5:95
methanol/water volume composition. All solvents were
high-performance liquid chromatography (HPLC) grade
purchased from Aldrich Chemical Company. Silver nitrate
and ammonium hydroxide were purchased from Fischer
Scientific. Na-Y zeolite was purchased from Fluka. All
chemicals were used as received without further purification.

Preparation of AgY samples

Silver clusters were doped in Y zeolite through a cation
exchange process. Mixtures with various amounts of silver
nitrate solution and ammonia were prepared and digested with
NaY zeolite for 24 h at 100 °C. The product was filtered,
washed five times with distilled deionized water (ddH2O), and
dried at 250 °C for 2 h. Before spectroscopic measurements
were taken, the samples were pretreated as follows: degassed
at room temperature for 1 h, calcined at 450 K in the presence
of 20 Torr of O2 for 1 h, and finally degassed at 450 K for 2 h.
The silver loadings were analyzed using an ICP Perkin-Elmer
Optima with 1,300 W rf power. The samples were digested as
follows: 10 mg of the Ag-zeolite was mixed with 200 μL of
48 % hydrofluoric acid and 200 μL 9 M sulfuric acid. The
sample was then diluted to a total volume of 10 mL using
ddH2O. Themetal-free zeolite was used as a blank. A standard
solution of 200 mg/L silver was used to obtain a calibration
curve.

Irradiation of the pesticide solutions

Thirty parts per million fenoxycarb solution was prepared in a
5:95 % v/v methanol/water solvent matrix. All solutions were
prepared immediately prior to the irradiation experiments and
diluted accordingly to obtain the correct solution concentra-
tions in the photochemical reactions. All irradiations were
performed using UV lamp which emits a narrow band of
irradiation at 254 nm (UV lamps from VWR Scientific, Inc)
with a relative intensity of 1,300 μW/cm2 at 3 in. Each sample
was irradiated in quartz test tubes with an inside diameter of
12.5 mm, a length of 10 cm, and 1-mm wall thickness. Only
one test tube was irradiated at a time. All solutions were
prepared and exposed to UV light at a distance of 3.0 in.,
where a maximum output of the lamp was reached.

Low-temperature luminescence measurements

Solid state luminescence measurements of the AgY samples
were recorded using QM-1 luminescence spectrometer from
Photon Technologies International (PTI) at 77 K. The instru-
ment is equipped with an emission monochromator and dou-
ble excitation monochromators, a 75-W xenon arc lamp, and a
photomultiplier tube serving as the detector. For the lumines-
cence measurements, the samples were made into a pressed
pellet and attached to a copper surface. The copper plate was
then attached to the transfer tube for the low-temperature
experiments. Sequential emission scans were also recorded
to form a 3D matrix with excitation as the x axis, emission on
the y axis, and intensity on the z axis. The wavelength of the
exciting light was run from low to high wavelength at incre-
ments of 3 nm between 200 and 500 nm to avoid
photobleaching, oxidation, or other forms of degradation.

HPLC and GC-MS analysis

HPLC was used to quantify the irradiated samples from the
photolysis experiments. Samples were analyzed with an
Agilent 1100 series high-performance liquid chromatograph
equipped with an operating software Chemstation for LC 3D
with diode array detector. Separations were made on a
VYDACRPC18 column, 250 mm×4.6 mm, 5-μ particle size.
Flow rate was 0.5 mL/min for all experiments. The mobile
phase usedwas 60% acetonitrile and 40%water. The detector
was set to monitor 235 nm.

Gas chromatography-mass spectrometry (GC-MS) mea-
surements were made on a GC-2010 Plus and GCMS-
QP2010 Ultra Shimadzu. The mass detector is Electron
Ionization Quadropole MS. A 30 m×0.25 mm ID Factor
Four VF-5 MS column was used. Components of various
samples were separated using the following parameters: injec-
tor temperature set at 423 K and detector temperature set at
593 K. The initial oven temperature of 353 K was held for
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3 min. Then the temperature was ramped to 423 K at a rate of
20 °C/min and held constant for 3 min. Finally, the tempera-
ture was ramped to 573 K at the rate of 20 °C/min and held
constant for 3 min. Helium was used as the carrier gas with a
flow rate of 1 mL/min. Samples were filtered through a
Gelman 2-mm Acrodisc® syringe filter previous to injection
to remove any particles that may obstruct the column.

SEM-EDS analysis

The SEM images were taken from films that were obtained
through castingmethodology from suspension of silver zeolite
solids in methanol. The images from the films were taken at
23 °C in a Tescan VEGA III LMU scanning electron micro-
scope with Oxford Instrument EDS. The range of accelerating
voltage was 0.2–30 kV.

Results and discussion

Silver doped into the framework of zeolite Y was prepared
with two different silver contents (labeled as AgY1 and
AgY2). ICP analysis shows that the silver contents are 12.0
and 5.5 %, respectively. Figure 1 shows the SEM images for
the two silver-doped Y samples and the EDS analysis for
various areas result in a silver content of 13.7 and 6.0 %,
respectively. As shown in Fig. 1, AgY2 has a well-defined
crystalline structure (cubic structure), whereas the AgY1 par-
ticles tend to aggregate. In most spots, silver balls/bubbles
were identified but directly dispersed by the X-ray beam.

Low-temperature solid-state luminescence revealed
distinct high energy (HE) and low energy (LE) emission
bands for AgY1 (Fig. 2) and AgY2 (Fig. 3) samples.
Excitations were paired to emissions bymatching similar peak
intensities. The high-energy excitations around 335/337 nm

a bFig. 1 SEM images for the two
silver zeolite materials a AgY1
and b AgY2

Fig. 2 Left 3D excitation/emission matrix scan of AgY1 performed at 77 K. Right 2D excitation and emission scans of AgY1 recorded at 77 K
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are associated with the LE emission bands and the low-energy
excitations are associated with the HE emission bands.
Monitoring the energy gap (or Stokes shift when expressed
in cm−1) between the excitation and emission energies can be
helpful in understanding photophysical interactions within a
compound. The Stokes shifts associated with the LE emis-
sions are between 12,200 and 13,500 cm−1, whereas the
Stokes shifts for the HE emissions are between 5,280 and
5,580 cm−1. The large Stokes shift for the LE emission band is
a result of the large distortion of the silver cluster in its excited
emitting state in comparison to its ground electronic state.
This distortion allows for shorter Ag-Ag internuclear dis-
tances in the excited state from which emission occurs in
comparison to the ground electronic state. The decreased
Ag-Ag internuclear distance strengthens bonding, thereby
stabilizing the excited emitting state.

Stokes shifts such as those between 12,200 and 13,500 cm−1

must correspond to a d10→d9p1 or a d10→d9s1 electronic
configuration change and are assigned to a low-energy ob-
served emission as we have reported for nitrogen-based nucle-
ophiles with copper iodide (Safko et al. 2012). However,
Stokes shifts between 5,280 and 5,580 cm−1 are assigned to

Ag-Ag transitions within the [Ag]3 trimer. The HE bands
around 410 nm are likely a result of direct excitation of linear
silver trimers on the interior of the zeolite (Patterson et al.
2007). Whereas, the LE bands observed at 532 to 458 nm in
AgY2 and AgY1, respectively, likely appear from delocalized
silver clusters [Ag]n (where n>3) on the surface of the zeolite
(Patterson et al. 2007). The difference in emission maxima
between the low energy bands in the AgY1 and AgY2
samples is brought on by the formation of different
sized silver clusters on the surface of the zeolites. The
smaller the silver cluster, the higher the energy of emission
(Baril-Robert et al. 2010; Welch et al. 2011; Li et al. 2012).
Following this logic, the higher energy emission for AgY1
versus AgY2 can be explained by the higher silver concentra-
tion inducing manymore small clusters to form on AgY1 than
on the AgY2 sample. The LE band is muchwider in the AgY1
sample because the higher silver concentration on AgY1
allows for more delocalized clusters of different sizes to form
that have slightly different emission energies. Unlike the LE
emission band, the position of the HE emission band did not

Fig. 3 Left 3D excitation/emission matrix scan of AgY2 performed at 293 K. Right 2D excitation and emission scans of AgY2 recorded at 77 K

Table 1 Observed emission maxima for the zeolites at 77 K. The
excitation/emission combinations are made by matching similar
peak energies

Compound T (K) λmax
em (nm)

[λex (nm)]
Stokes shift
(cm−1)

Transition
assignment

AgY1 77 458 [285] 13,300 Delocalized
exciplexes

77 412 [335] 5,580 [Ag+]3, linear

AgY2 77 532 [323] 12,200 Delocalized
exciplexes

77 410 [337] 5,280 [Ag+]3, linear Fig. 4 SSLS of fenoxycarb before and after the irradiation with 254 nm
UV light for various time
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vary much between AgY1 and AgY2. This is likely because
the formations of interior linear clusters are not as sensitive to
changes in silver concentration.

Figures 2 and 3 have the 3D excitation/emission matrix
scans for each zeolite showing all peaks as well as 2D

excitation and emission spectra highlighting the two most
prominent excitation/emission pairs. Table 1 highlights the
excitation/emission maxima and their associated transition
assignments for Figs. 2 and 3.

Due to the observed changes in the two catalysts especially in
the silver loadings and the tendency to have more Ag-Ag
aggregates (delocalized exciplexes) in the high silver sample
(AgY1), we expect to observe a change in the catalytic activities.
The photodecomposition of fenoxycarb alone and in the pres-
ence of the two AgY catalysts was investigated upon UV
irradiation. In this study, steady-state luminescence and synchro-
nous scan luminescence spectroscopy (SSLS) along with HPLC
were used to monitor the changes occur on the fenoxycarb
aqueous solution as a function of irradiation time. Upon excita-
tion at 270 nm, an emission band was observed, with a maxi-
mum intensity at 321 nm. This emission is due to the intense
π-π* transition that the pesticide emits at the given energy.

t = 0 min

Directly after mixing

t = 30 min

t = 10 min

t = 20 min

t = 40 min

a

t = 0 min

Directly after mixing
t = 20 min

t = 10 min

t = 50 min
b

Fig. 5 SSLS of fenoxycarb irradiated with 254 nm UV light in the
presence of the catalysts a AgY1 and b AgY2

Scheme 1 Weakening and
eventual dissociation of the
intramolecular fenoxycarb bonds
caused by fenoxycarb-Ag bond

Fig. 6 SSLS of fenoxycarb irradiated for 50min with 254 nmUV light a
without a catalyst and the in the presence of bAgY2 and cAgY1 catalysts
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SSLS which involves scanning the excitation and emission
wavelength drives of a fluorescence spectrometer simulta-
neously with a constant wavelength difference between them.
This technique is more selective than ordinary fluorescence
methods for the analysis of fluorescing mixtures (Kanan et al.
2011). Figure 4 shows the SSLS (with Δλ=30 nm) of a
30-ppm fenoxycarb solution before (labeled as t=0) and after
the exposure of 254 nm UV light for several periods of time.
Fenoxycarb initial solution shows a broad band at 285 nm.
This band is directly shifted to appear at 295 nm after the
irradiation for 10 min along with a new strong band that
appears at 325 nm with both bands observed a gradual de-
crease in their intensity with further irradiation. Interestingly,
the photocatalytic behavior of fenoxycarb is different in the
presence of the AgY support. Figure 5 shows the SSLS of
fenoxycarb irradiated in the presence of AgY1 (Fig. 5a) and in
the presence of AgY2 samples (Fig. 5b). As can be seen in
Fig. 5, both samples tend to adsorb part of the fenoxycarb
from the solution directly upon mixing. In specific, the AgY2
sample adsorbs 12.3 % of the fenoxycarb, while AgY1 ad-
sorbs 20.8 %. In addition, the 285-nm peak does not observe
the same shift that appears directly in the uncatalyzed reaction
(Fig. 4). This indicates that the presence of the silver zeolite
stabilizes the carbamate functionality where silver tends to
bind to the carbamates’ oxygen (Scheme 1). The AgY1 cata-
lyst (high silver content) has more silver sites that facilitate the
adsorption process and thus enhances the photodegradation of
the pesticide as seen in Fig. 5a. Silver(I) is an unreactive
closed shell d10 ion in its ground state but can be excited to
a reactive, open shell d9s1 or d9p1 state (Patterson et al. 2007).
In a previous study, we have shown that when nitric oxide
reacts with silver(I) in its d9s1 excited electronic state, a strong
bond forms between the nitric oxide and silver, resulting in a
weakening of the N-O bond and its dissociation into nitrogen
and oxygen molecules (Kanan et al. 2000). Here, we propose
that when the carbamate fenoxycarb reacts with silver(I) in its
excited electronic state, strong bonding occurs, forming a
strong bond between the two. This new fenoxycarb-Ag bond
causes a weakening and eventual dissociation of the intramo-
lecular fenoxycarb bonds (see Scheme 1). The SSLS of the
fenoxycarb irradiated with 254 nm for 50 min with and
without the AgY samples are presented in Fig. 6. As can be
seen in Fig. 6, the decomposition of the pesticide is significant
in the presence of AgY1 catalyst, whereas the uncatalyzed
reaction shows less degradation.

SSLS along with HPLC and GC-MS spectroscopic tech-
niques were used to characterize the photodecomposition
products. HPLC and GC-MS spectra were recorded for the
catalyzed and uncatalyzed fenoxycarb solutions that were
exposed to the 254 nm UV light for 60 min. Besides the
fenoxycarb peak that appears after 2.32 min, two major bands
were recorded after 1.58, 1.25 min in the uncatalyzed and the
AgY2 catalyzed samples. The AgY1 sample shows only one

HPLC band after 1.25 min. Based on the 2.32 min peak areas
before and after the irradiation process, the amount
decomposed was also calculated. The uncatalyzed sample
shows that 58 % of the initial fenoxycarb was decomposed,
whereas the decomposition of fenoxycarb in the presence of
AgY1 and AgY2 catalysts was 80 and 64 % complete, re-
spectively. Knowing that the maximum amount of silver
loaded into the zeolite Y was reached in sample AgY1
(an optimal turn over), a complete decomposition of the
pesticide may occur with higher temperatures, longer irradia-
tion time, or by varying the irradiation wavelength/energy of
the UV source (Kanan et al. 2007). The products were iden-
tified upon the degradation of fenoxycarb for both catalyzed
and uncatalyzed experiments using GC-MS. Three GC bands
appear after 8.11, 18.7, and 20.3 min. The mass spectrum of
the 20.3 min peak indicates the presence of the fenoxycarb,
whereas the mass analysis for the 18.7 peak indicates the
formation of 2-(4-phenoxy-phenoxy)ethyl] carbamic acid (1)
(m. mass 273 amu). The peak observed after 8.11 min has a
mass of 153 amu, indicating the formation of 1-amine-
2-(phenoxy-4-ol) ethane (compound (2)).

Conclusion

Silver incorporated into the zeolite Y framework has once
again proven capable of reducing the level of pesticide in an
aqueous solution. In this study, the presence of the maximum
amount of silver loaded on the zeolite decomposes fenoxycarb
by 80 % after UV irradiation for 1 h into one product, com-
pound (2). This is a marked increase over UVirradiation alone
which reduced fenoxycarb concentration by only 58 % in the
same time frame. Future work will focus on examining the
relationship between silver cluster structure and the catalytic
activity in the presence of dissolved organic carbon to mimic
the conditions of natural water systems.
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