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a b s t r a c t

Zeolites exhibiting different structures (Y, Beta, and ZSM-5) were modified with gold and iron and applied
for odour adsorption from the air containing dibutyl sulphide (Bu2S) used as a representative odour
producing compound. The structure of the zeolites used determines the rate of adsorption (higher on Y
type zeolites and smaller on two other zeolites), whereas hydrophilicity affects the selectivity towards
vailable online 12 March 2010
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cidity

Bu2S adsorption increasing in the order: Y < Beta < ZSM-5. For the same zeolite structure, Bu2S adsorption
selectivity depends on the total acidity of zeolites which increases after iron modification. The texture and
surface properties of the modified zeolites were studied by XRD, XPS, UV–vis, TEM, pyridine adsorption
and FTIR, test reactions (acetonylacetone cyclisation, isopropanol decomposition).

© 2010 Elsevier B.V. All rights reserved.

dsorption of Bu2S
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. Introduction

Odour pollution of the atmosphere is a common environmental
roblem. In particular, much effort has been made to limit odour
missions from the agriculture and food industries. The treatment
f gas emissions is an important measure to protect both pub-
ic health and the environment. Long term exposured odours are
ften removed by biological units. However, they are not suffi-
ient for the reduction of malodours below the odour threshold. To
educe the concentrations below odour threshold, selective adsorp-
ion processes with on-site regeneration of the adsorbents are very
romising [1]. Looking for the selective adsorbents one should take

nto account the nature of odour compounds (most of them are
rganic compounds containing nitrogen and/or sulphur) and the
ature of elements (located on the surface of sorbents) that are
ctively involved in selective adsorption.

Our former study has shown [2–4] that the high pore volume
anomaterials (Y zeolites and mesoporous MCM-41) modified with
ctive components (e.g. Ni, Cu, Mn, Au) are able to concentrate
igh amount of pollutants in a minimum volume of solids. Butyl
mine (BuNH2) and dibutyl sulphide (Bu2S) were adsorbed on these
aterials in the presence and absence of humid atmosphere and it

as found that transition metal exchanged zeolites reveal higher

electivity towards amine adsorption than that towards sulphide
dsorption, contrary to Au containing MCM-41 mesoporous mate-
ials which are more selective in sulphide adsorption. Moreover, it

∗ Corresponding author. Tel.: +48 61 8291305.
E-mail address: sobiza@amu.edu.pl (I. Sobczak).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.03.024
was evidenced that nickel containing sorbents are easily regener-
ated via catalytic oxidation of adsorbates [4]. The most attractive
adsorbents of amines and sulphides found in our previous study
were gold modified MCM-41 materials which not only adsorb the
highest amounts of both odours but also are highly selective in com-
petition with moisture adsorption. Niobium located in NbMCM-41
matrix enhances the hydrophobicity of the material and increases
the adsorption of odour at high concentration of water vapour.

Ordered mesoporous materials are not very stable and their
properties change with the time of use. Therefore, in this work we
modified three different types of zeolites (Y, Beta and ZSM-5 with
different Si/Al ratio and hydrophobic/hydrophilic character) with
iron and/or gold to obtain sorbents able to concentrate a maximum
amount of odours in a minimum volume of adsorbents. The choice
of active components was determined by the expected selectiv-
ity towards sulphide adsorption and a possible further recovery
of sorbent via the catalytic oxidation of odours at room temper-
ature. Dibutyl sulphide (Bu2S), used as a representative of odour
compounds, was adsorbed on the materials prepared.

2. Experimental

2.1. Modification of the catalysts

2.1.1. Gold catalysts

NaY (Si/Al = 2.7, Katalistiks), H-Beta (Si/Al = 12.5, Süd Chemie,

Germany) and H-ZSM-5 (Si/Al = 44.9, Süd Chemie, Germany)—types
of zeolites were used in this research. The gold catalysts were
prepared according to [5]: a 1250 ml volume of chloroauric acid
(HAuCl4·4H2O, Johnson Matthey, UK–USA) solution of 8.2 × 10−4 M

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sobiza@amu.edu.pl
dx.doi.org/10.1016/j.jhazmat.2010.03.024
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Table 1
Metal loadings and Si/Al ratios in zeolites.

Catalyst Si/Al Metal loading (wt.%) Cation exchange (%)

Fe Au Fe

Au-Y 2.7 – 0.59 –
Au/Fe-Y 2.7 7.88 1.00 97.9
Au-Beta 12.5 – 0.83 –
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Au/Fe-Beta 12.5 1.09 1.00 48.5
Au-ZSM-5 44.9 – 0.1 –
Au/Fe-ZSM-5 44.9 0.29 1.00 43.5

as prepared, and its pH was adjusted to 6.0 by adding NaOH solu-
ion; after that 10 g of zeolite was added, the solution was heated to
53 K and stirred at this temperature for 16 h. The supported gold
amples were obtained after filtration and washing, and then dried
t 423 K. The gold content was analysed by ICP-MS. The results are
ummarized in Table 1.

.1.2. Gold–iron catalysts
Iron was incorporated into zeolites by the ion exchange (IE) pro-

edure. The Fe IE was performed by stirring of the solid in 0.05 M
qua solution of Fe(NO3)3 (Aldrich) at 308 K for 6 h. After stirring,
he samples were filtrated, washed and dried at 373 K. For loading
f gold, the incipient wetness impregnation procedure was applied
6]. The required amount of HAuCl4·4H2O (corresponding to 1 wt.%
f Au) was dissolved in deionized water. This solution was always
reshly prepared and was added dropwise to the Fe-containing
upport upon intense stirring. On completion of the addition, the
upport was slightly wet. The resulting catalysts were dried for 16 h
t 353 K and then calcined for 3 h at 623 K. The iron and gold con-
ent was analysed by ICP-MS (Varian). The results are summarized
n Table 1.

.2. Catalysts characterisation

The XRD patterns were obtained on a D8 Advance diffractometer
Bruker) using CuK� radiation (� = 0.154 nm), with a step size of
.05◦ in the 2� = 6–60◦ range.

The UV–visible spectra were recorded on a Cary 300Scan (Var-
an) spectrometer. Catalysts in the form of powders were placed
n the cell equipped with a quartz window. The Kubelka–Munk
F(R)) was used to convert reflectance measurements into equiv-
lent absorption spectra using the reflectance of SPECTRALON as
reference. The spectra were recorded in the range from 800 to

90 nm.
Photoemission spectra (XPS) were collected by a VSW Scien-

ific Instrument spectrometer, equipped with a standard Al K�
xcitation source. The binding energy (BE) scale was calibrated by
easuring C 1s peak (BE = 285.1 eV).
For transmission electron microscopy (TEM) measurements the

owders were deposited on a grid covered with a holey carbon
lm and transferred to JEOL 2000 electron microscope operating at
0 kV.

The surface properties were characterised by pyri-
ine adsorption followed by FTIR spectroscopy and by test
eactions—acetonylacetone (AcoAc) cyclisation and 2-propanol
ecomposition.

Infrared spectra were recorded with a Bruker Vector 22 FTIR
pectrometer using an in situ cell. Samples were pressed under low
ressure into a thin wafer of ca. 10 mg cm−2 and placed inside the

ell. Catalysts were evacuated at 623 K for 3 h and pyridine (PY) was
hen admitted at 423 K. After saturation with PY the samples were
egassed at 423, 473, 523 and 573 K in vacuum for 30 min. Spec-
ra were recorded at room temperature in the range from 4000 to
00 cm−1. The spectrum without any sample (“background spec-
Materials 179 (2010) 444–452 445

trum”) was subtracted from all spectra recorded. The IR spectra
of the activated samples (after evacuation) were subtracted from
those recorded after the adsorption of PY followed by various treat-
ments. The spectra reported are the results of this subtraction.

A tubular, down-flow reactor was used in AcoAc cyclisation
reaction that was carried out at atmospheric pressure, using nitro-
gen as the carrier gas. The catalyst bed (0.05 g) was first activated
for 2 h at 623 K under nitrogen flow (40 cm3 min−1). Subsequently,
0.5 cm3 of acetonylacetone (Fluka, GC grade) was passed continu-
ously over the catalyst at 623 K. The substrate was delivered with
a pump system and vaporized before being passed through the
catalyst with the flow of nitrogen carrier gas (40 cm3 min−1). The
reaction products were collected for 30 min downstream of the
reactor in the cold trap (mixture of 2-propanol and liquid nitro-
gen) and analysed by gas chromatography (CHROM-5, Silicone
SE-30/Chromosorb G column).

The 2-propanol conversion (dehydration and dehydrogena-
tion) was performed, using a microcatalytic pulse reactor inserted
between the sample inlet and the column of a CHROM-5 chromato-
graph. The catalyst bed (0.05 g) was first activated at 623 K for 2 h
under helium flow (40 cm3 min−1). The 2-propanol (Aldrich) con-
version was studied at 423, 473, 523 and 573 K using 3 �l pulses
of alcohol under helium flow (40 cm3 min−1). The reactant and
the reaction products: propene, 2-propanone (acetone) and diiso-
propyl ether were analysed using CHROM-5 gas chromatograph on
line with microreactor. The reaction mixture was separated on 2 m
column filled with Carbowax 400 (80–100 mesh) at 338 K in helium
flow (40 cm3 min−1) and detected by TCD.

2.3. Adsorption of odours

Adsorption of the odour producing dibutyl sulphide (Bu2S) was
performed at room temperature and was evaluated by two meth-
ods, with the balance scale and an “electronic nose”.

The outgased powdered sorbent (0.1 g of zeolite) was put on the
balance scale in the glass box purged with air flow. In this box the
0.3 cm3 of odour producing substance (Bu2S) was evaporated and
the amount of the compound adsorbed was continuously weighed
and the course of the weight change was recorded by a computer
program for 10 days. In the middle of this period another 0.3 cm3

dose of dibutyl sulphide was injected into the box. The kinetic
adsorption curves obtained under isotherm conditions were plot-
ted on the basis of the weight changes. These curves represent the
total adsorption (all adsorbates: Bu2S, moisture, CO2 and others
from air are considered). Finally chemical analysis of the solids was
performed that allow us to calculate the wt% of Bu2S adsorbed on
zeolites.

In the second system the phials painted inside by chalk paint
with the addition of zeolite (10, 20 and 50 wt.%) or without the cat-
alyst were used. A portion of 0.2 �l of dibutyl sulphide was injected
into each phial. After injection, the phials were heated (5 h, 363 K)
and then the atmosphere in the phials was analysed using an 20 mm
Crimp-Cap with Septa Butyl (gray)/PTFE (BGB Analityk AG). The
phials into which Bu2S was not injected, were used as a reference
material.

The electronic nose that enables analysis of samples contain-
ing volatile substances, even of complex composition, was applied
for analysis of dibutyl sulphide and products of its transforma-
tion. The analyses of samples were performed using TurboMatrix
HX40 headspace sampler and TurboMass Mass Spectrometer as
a detector (both devices made by Perkin Elmer, Norwalk) which

was controlled by chemometric software TMSOFT NT made by HKR
Sensorsysteme, Munich.

Four replicates of each type of samples were analysed after
thermostating step during 500 min at 318 and 363 K (separately
analysed). Next, the headspace gas was injected by needle heated to
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ig. 1. XRD patterns of zeolites before (A) and after modification with Au and Fe (B).

73 K, into system, after 1 min pressurization of sample. Before next
nalysis the analytical system was purged during 20 min. Whole
ixture of volatile components of each sample was introduced into

he mass spectrometer detector, and the mass spectra of each sam-
le were acquired in range 50–250 m/z, in the run: 30 s—zero level,
0 s—building-up and 30 s—signal level. Helium was used as carrier
as.

Entire mass spectra of volatile components were applied for
nalysis of dibutyl sulphide and products of its transformation.

. Results

.1. Chemical composition and structure of zeolites

Table 1 presents the data on the Si/Al ratio and the metal loading
n zeolites. Although the amount of gold in the solution during the

odification was always the same (2 wt.%), the data clearly show
hat the amount of gold in the final gold-containing materials (Au-Y,
u-Beta and Au-ZSM-5) differed depending on the structure. The
etal loading in all zeolites was much lower than assumed. The

ighest gold loading was found in Au-Beta zeolite, the lowest in Au-
SM-5. It indicates that the gold introduction is the most effective
n the structure of Beta zeolite.
As to the modification with iron, the total Fe cation exchange in
eolites (assuming Fe3+ oxidation state of exchanged cations) gave
wt.% of Fe in Fe-Y, 2.2 wt.% in Fe-Beta and 0.7 wt.% in Fe-ZSM-5.

ron exchanged zeolites were used as supports for gold introduced
Fig. 2. Gold particles size distribution for Au-zeolites.

via impregnation. In the zeolites containing gold and iron, the iron
content varied from the maximum possible exchange depending
on the zeolite structure. Table 1 shows that in Y zeolite, 98% of its
maximum exchange capacity was reached. It is very high amount
suggesting that iron occupies not only cation-exchanged positions.
Large cations, like iron ones, can hardly occupy cationic positions
in hexagonal prisms in Y type zeolite, and for them the maximum
exchange capacity is ca. 68%. Thus, it is supposed that the rest of iron
species could be located in the framework positions (substituting
Si or Al in the lattice) or in the form of bulk iron-oxide species.
The lowest amount of iron was introduced into ZSM-5 structure.

However, it is worthy of notice, that the degree of iron exchange
is similar for zeolites Beta and ZSM-5 (between 40 and 50%). The
loading of gold on the surface of iron containing zeolites by the
impregnation method is equal to 1 wt.% for all zeolites used.
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Table 2
XPS results.

Catalyst Au4f [eV]

Bulk gold 84.0
I. Sobczak et al. / Journal of Haza

The XRD results of gold-containing catalysts (not shown here),
ith the diffraction peaks being characteristic of the Y, Beta

nd ZSM-5 structures, according to the data in [7], showed
hat the framework of parent zeolites is well preserved after
eposition–precipitation and that all the zeolite structures were
aintained after surface modification with gold. Similarly, the
RD patterns of Au/Fe-Beta and Au/Fe-ZSM-5 zeolites show typical
iffraction peaks corresponding to the characteristic BEA and MFI
tructure [7], so the crystallinity of Beta and ZSM-5 zeolite was not
ltered by iron and gold incorporation. The exception is Au/Fe-Y,
hose XRD pattern exhibits much weaker characteristic diffrac-

ion peaks at 2� = 6–60◦ in comparison with the diffractogram
f the pristine NaY zeolite (Fig. 1). This difference may indicate
ome deterioration of the FAU structure after the iron exchange
nd subsequent impregnation with gold. Similar behaviour was
hown in [8] for gold–iron modified Y zeolite where iron was
ntroduced by impregnation and gold by cationic-exchange. The
ecrease in elementary unit of Au/Fe-Y (24.65 Å) compared with
hat of NaY (24.79 Å) is a result of sodium exchange for Fe (three
a+ of 0.098 nm exchanged by one Fe3+ of 0.062 nm diameter).

.2. Gold and iron species in zeolites

.2.1. X-ray diffraction
In the 2� = 6–60◦ range of XRD patterns the reflections charac-

eristic of metallic gold (at 2� = 38.2◦ and 44.8◦) and iron oxides (at
� = 33.2, 35.6, 40.9, 49.5) [8–10] could be identified.

In the XRD patterns of gold zeolites modified by
eposition–precipitation (not shown here) the peaks corre-
ponding to metallic gold were not detected because of too small
ontent of gold (below 1 wt.%). The presence of metallic gold
n these samples was found by UV–vis spectra, XPS and TEM
echniques (see Sections 3.2.2–3.2.4).

In contrast, the XRD patterns of all Au-impregnated/Fe-
ontaining samples (Fig. 1) clearly indicate the presence of metallic
old particles characterised by the reflections at 2� = 38.2◦ from
u (1 1 1) and at 44.8◦ from Au (2 0 0) [8,9]. The peaks assigned

o Au are sharper in the patterns of Au/Fe-Beta and Au/Fe-ZSM-5
amples than in that of Au/Fe-Y suggesting bigger Au agglomerates
ocated on Beta and ZSM-5 zeolites. Y zeolite modified with gold
nd Fe contains the highest amount of iron from among all mate-
ials studied. Most probably the strong interaction between iron
ations and the precursor of gold makes Au stabilization stronger
n active centres (iron cations playing the role of active centres for
old adsorption), which protects agglomeration of gold clusters. It
s important to stress that the crystalline structures of iron oxides

ere not observed on gold–iron zeolites by XRD technique suggest-
ng good dispersion of iron species on the internal/external surface
nd limited segregation of FexOy nanoparticles.

.2.2. TEM
Fig. 2 presents the gold particles size distribution and the aver-

ge diameter of gold nanoparticles supported on Y, Beta and ZSM-5
eolites. The particle size distributions are similar on Au-Y and Au-
eta zeolites (the average diameter of gold particles is ca. 9 nm).
ost of gold nanoparticles (ca. 60%) in Y zeolite are between 8 and

0 nm, while in Beta zeolite the fraction of gold particles about 9 nm
ca. 45%) dominates. However, it is worthy of notice that bigger
old particles (up to 14–18 nm) are also present in both samples.
he particle size distribution of Au-ZSM-5 is more uniform, but the
old nanoparticles present on the surface of Au-ZSM-5 are bigger

han those on Au-Y and Au-Beta. The average diameter of gold par-
icles on Au-ZSM-5 is of ca. 12 nm. However, most of gold particles
ca. 40%) in Au-ZSM-5 exhibit ca. 15 nm diameter and the largest
old particles are of about 20 nm. Taking into account the sizes of
ages/channels in the zeolites used (Y—ca. 1.2 nm, Beta—ca. 0.66
Au-Y 83.15
Au-Beta 83.54
Au-ZSM-5 83.40

and 0.56 nm and ZSM-5—ca. 0.55 nm) it is clear that gold nanopar-
ticles are located on the external surface of zeolites. However, one
cannot exclude that very small Au particles are present inside the
cavities/channels of zeolites.

Gold particles in TEM pictures of Au/Fe-Y, Au/Fe-Beta and Au/Fe-
ZSM-5 zeolites exhibit various dimensions and shapes (especially
for agglomerates), which makes it difficult to estimate their sizes.
However, XRD results (Section 3.2.1) indicate that bigger gold crys-
tallites are on the surface of gold–iron than gold zeolites. For Au–Fe
samples the calcination at 623 K after gold impregnation leads to
formation of gold particle agglomerations.

3.2.3. XPS
XPS results for Au-Y, Au-Beta and Au-ZSM-5 zeolites are pre-

sented in Table 2. It is known that the signal of Au0 of bulk metal
equals to 84.0 eV [11]. The data shown in Table 2 indicate that the
binding energies of the Au4f peak obtained for gold zeolites shift
to lower values (BE = 83.40–83.15 eV) in comparison with those in
the reference bulk metal. The greatest shift towards lower bind-
ing energies was found for Au-Y zeolite. Such a negative shift has
also been observed recently for gold-containing mordenite [12] and
TiO2 [13] and other supported gold catalysts [14,15] and has been
attributed to the changes in electronic structure with increasing
size of the gold particles deposited on the support [16] or to elec-
tron transfer from the support to the Au particle (Au�−) [15,17,18].
The shift towards lower binding energies has also been observed
for the catalysts pretreated with H2 and it could be attributed to the
initial state effect [19]. Taking into account that the framework of
zeolites is negatively charged, one has to assign the observed shift
in BE of Au4f to the electron transfer from the zeolite lattice to Au
particles.

3.2.4. UV–vis
UV–vis spectroscopy is commonly used for identification of

metallic gold and the nature of iron species in the catalysts. In
line with XRD patterns, XPS results and TEM images, the UV–vis
spectra confirm the presence of metallic gold on the surface of all
gold and gold–iron zeolites (Fig. 3A and B). The UV–vis spectra of
Au containing samples show the characteristic ultraviolet–visible
band at 500 nm typical for metallic gold [20]. The small intensity
bands between 200 and 280 nm visible in the spectra of all the sam-
ples are characteristic of the zeolite supports. They are attributed
to a charge transfer due to Si–O bonding in zeolites and all silicates
materials [21].

Fig. 3B displays the UV–vis spectra of gold–iron zeolites with
strong absorbance in 200–800 nm range, revealing the existence
of various iron species. In the spectrum of Au/Fe-ZSM-5 there are
two well distinguished bands at 230 and 360 nm. They can be
assigned to isolated Fe(III) in tetrahedral coordination and oligonu-
clear Fe(III)xOy clusters on the zeolite external surface [22,23]. The
isolated Fe(III) ions in tetrahedral coordination are present also in
Au/Fe-Y and Au/Fe-Beta samples. Moreover, in the spectra of these

zeolites two other bands at 280 and 320 nm are visible. These two
bands are assigned to Fe(III) ions in octahedral coordination and
to oligonuclear Fe(III)xOy clusters on the zeolite internal surface,
respectively [22,23]. The bands corresponding to Fe(III)xOy clusters
are the most intense for all three zeolites, showing high popula-
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Fig. 3. UV–vis

ion of iron oxides on the external (ZSM-5) or internal (Beta and Y)
urface of zeolites after calcination.

.3. Acidity/basicity

.3.1. Test reactions

.3.1.1. 2-Propanol decomposition. The 2-propanol decomposition
s a test reaction for characterisation of acidic (Brönsted or Lewis)
nd/or basic properties of the solids [24]. Dehydration of alcohol to
ropene and/or diisopropyl ether requires acidic centres (Lewis or
rönsted), whereas the dehydrogenation to acetone occurs on the
asic sites. It is noteworthy that ether production requires the pres-
nce of pairs Lewis acid–base centres. Some authors (e.g. [25]) have
eported that acetone formation takes place on redox centres. The
onversion of 2-propanol is much higher in the presence of acidic
entres on the catalyst surface than that noted on basic catalysts.

As shown in Table 3 on all Au containing zeolites at 423 and
73 K the main reaction product is propene indicating the dom-

nation of acidic properties of the samples (Lewis or Brönsted).
dditionally, for Au-ZSM-5 and Au/Fe-ZSM-5 zeolites small amount

f diisopropyl ether was also recorded at 423 K among the reaction
roducts, showing the presence of Lewis acid–base pairs beside
cidic centres. Moreover, it is important to stress that at 473 K,
cetone was identified on Au-Beta zeolite. Acetone is formed in
ehydrogenation of alcohol, which occurs on Lewis basic centres.

able 3
he results of 2-propanol decomposition at various temperatures.

Catalyst React. temp.
[K]

Conversion
i-PrOH [%]

Selectivity [%] towards

Propene Ether Acetone

Au-Y 423 33 100 0 0
473 100 100 0 0

Au/Fe-Y 423 67 100 Traces 0
473 95 100 0 0

Au-Beta 423 78 84 13 3
473 100 100 0 0

Au/Fe-Beta 423 44 100 Traces 0
473 96 100 0 0

Au-ZSM-5 423 2 100 Traces 0
473 33 76 24 0

Au/Fe-ZSM-5 423 16 72 28 0
473 89 100 Traces 0
ra of zeolites.

All the samples studied are highly acidic which is proved by their
high activity and selectivity towards propene, alcohol dehydration
product. It is understandable taking into account the treatment of
all zeolites by auric acid during the modification with gold. The
interaction with the acid leads to the formation of bridging acidic
hyroxyls on the zeolite surface. However, diisopropyl ether and
acetone were also found among the reaction products, especially
on modified Beta and ZSM-5 type zeolites, which proved the pres-
ence of Lewis basic sites. Such centres most probably originate from
extra framework iron-oxide species and dehydroxylated hydrogen
forms of zeolites.

3.3.1.2. Acetonylacetone cyclisation. The cyclisation of acetonylace-
tone was used as a test reaction for basicity/acidity properties.
This reaction was proposed by Dessau [26] as Brönsted acid–base
test. The formation of 2,5-dimethylfuran (DMF) occurs on acidic
centres, whereas basic centres take part in the production of
3-methyl-2-cyclopentenone (MCP). On the basis of the ratio of
selectivity to MCP/selectivity to DMF, the catalysts prepared can
be ordered according to increasing basicity. According to the lit-
erature [26,27] the catalyst is considered basic if MCP/DMF � 1.
When MCP/DMF � 1 the catalyst exhibits acidic properties, while
for MCP/DMF ≈ 1 the acid–base character of the catalysts is postu-

lated.

The data on conversion of acetonylacetone (AcoAc) and selectiv-
ity towards DMF and MCP are given in Table 4. Hydrogen forms of
Beta and ZSM-5 zeolites used as starting supports for modification
with Au and Fe show 100% activity, whereas the activity of NaY is

Table 4
The results of acetonylacetone (AcoAc) cyclisation at 623 K.

Catalyst Conversion (%) DMF (%) MCP (%) MCP/DMF

NaY 14 92 8 0.1
Au-Y 30 98 2 0
Fe-Y 100 5 95 19
Au/Fe-Y 9 31 69 2.2
H-Beta 100 58 42 0.7
Au-Beta 45 100 0 0
Fe-Beta 100 48 52 1.1
Au/Fe-Beta 41 100 0 0
H-ZSM-5 100 100 0 0
Au-ZSM-5 63 100 0 0
Au/Fe-ZSM-5 70 100 0 0
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higher acidic strength. Examination of this region for Au/Fe-zeolites
indicates the increase in wavenumber from 1610 to 1615 cm−1

for pyridine adsorbed on LAS and from 1621 to 1625 cm−1 for
pyridine adsorbed on BAS in the following order: Au/Fe-Y < Au/Fe-

Table 5
Number of Brönsted acid sites (BAS) and Lewis acid sites (LAS) calculated per
10 mg of the catalysts on the basis of IR bands observed after desorption of pyri-
dine at 473 K and extinction coefficient of pyridine (LAS ε1450 ≈ 1.5 �mol−1 cm, BAS
ε1545 ≈ 1.8 �mol−1 cm).

Catalyst Number of
LAS × 1017

Number of
BAS × 1017

Total number
BAS + LAS × 1017

NaY 21.00 – 21.00
Au-Y 9.75 5.05 14.8
Fe-Y 37.20 16.60 53.8
Au/Fe-Y 35.80 3.40 39.2
H-Beta 18.60 7.00 25.6
Au-Beta 13.40 4.58 17.98
Fe-Beta 19.80 6.63 26.43
Au/Fe-Beta 13.80 3.65 17.45
ig. 4. FTIR spectra of zeolites after pyridine adsorption at 423 K and evacuation at
73 K.

uch lower. The introduction of gold by deposition–precipitation
nd impregnation decreases the activity of H-Beta and H-ZSM-5
eolites in AcoAc cyclisation as a result of gold introduction. In con-
rast, the modification of NaY with gold (Au-Y) generates new active
entres and increases the activity of the catalyst. For all gold and
old–iron catalysts based on H-Beta and H-ZSM-5 zeolites DMF is
he only product of the reaction which points to the acidic (Brön-
ted acid sites) character of these materials. Taking into account
he activity of the gold-containing Beta and ZSM-5 samples, the
rönsted acidity of ZSM-5 based catalysts is higher than that of
eta-based zeolites. However, it is worthy of notice that H-Beta
upport reveals acid-base properties (MCP/DMF ∼1) most probably
aused by the presence of framework defects (LAS) on the surface
ppearing as a result of dehydroxylation of BAS. These defects most
robably interact with water formed in the first step of AcoAc dehy-
ration/cyclisation and form Brönsted basic OH groups active in
CP formation. Such defects are hardly formed after modification
ith Au and Fe because BAS present in the pristine zeolite supports

H-Beta and H-ZSM-5) interact with Fe and Au introduced.
Gold and gold–iron modified NaY catalysts show different fea-

ures, both MCP and DMF products are formed in AcoAc cyclisation.
he selectivity towards MCP is much higher for Au/Fe-Y than
u-Y (MCP/DMF > 1 for Au/Fe-Y). It seems probable that basic-

ty originates from the extra framework iron-oxide species. The
mpregnation of basic Fe-Y (MCP/DMF = 19) with gold decreases the
asicity indicating gold interaction with iron species, but gold–iron
zeolite still exhibits basic character.

.3.2. Pyridine adsorption
In order to evaluate the nature and amount of acidic centres,
nfrared spectroscopy (FTIR) of pyridine adsorbed was applied.
ig. 4 presents the ring stretching region of the FTIR spectra after
dsorption of pyridine onto all gold and gold–iron zeolites and
esorption at 473 K.
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The spectra of the zeolites display six main bands. These bands
can be ascribed to pyridine interacting with Brönsted and Lewis
acid sites [28–30]. The bands at ca. 1450 and 1610 cm−1 are
assigned to pyridine adsorbed at Lewis acid sites. The bands at
ca. 1550 and 1620 cm−1 are due to pyridine adsorbed on Brönsted
acidic hydroxyls, whereas the bands at ca. 1490 and 1637 cm−1 can
be attributed to both Lewis and Brönsted acidity. Moreover, the
small band at 1575 cm−1 is brought about by the presence of some
residual physisorbed pyridine.

Fig. 4 shows different positions of the IR bands in the range
of pyridine adsorbed on Lewis acid sites (1440–1455 cm−1): 1444,
1451 and 1455 cm−1. The band at 1444 cm−1 present in the spectra
of Au-Y zeolite is assigned to the pyridine coordinatively bound to
Na+ cations [31]. The introduction of iron cations into NaY (over
90% of cation exchange) gives the band at 1451 cm−1 after pyri-
dine adsorption attributed to the presence of iron cations in zeolite.
The bands at 1451 and 1455 cm−1 observed for Au-ZSM-5 and Au-
Beta zeolites, respectively, most probably originate from pyridine
adsorbed on defected Lewis acid sites formed during dehydroxy-
lation of hydrogen forms of zeolites. After cation exchange with
iron the band at 1450 cm−1 assigned to pyridine adsorbed on iron
cations appears (Au/Fe-Beta).

The intensity of the bands differs depending on the Si/Al ratio in
zeolite and the amount of gold and iron in the sample and clearly
increases with decreasing Si/Al ratio. The number of LAS and BAS for
all zeolites studied is given in Table 5. The highest concentrations of
Lewis and Brönsted acid sites are found in the Y samples. The high
number of LAS in the form of Na cations significantly decreases
after gold introduction. Gold species replace a part of Na cations
in the zeolite and form the metallic sites after thermal treatment.
On the other hand, the modification with gold generates BAS in
Au-Y zeolite. The impregnation with gold of Fe-Y zeolite increases
the number of LAS and decreases the number of BAS generated
after Fe exchange. This phenomenon is caused by the calcination of
Au/Fe-Y leading to dehydroxylation. The replacement of protons in
H-Beta with gold species decreases the number of BAS, as well as
LAS. The impregnation of Fe-Beta with gold leads to the blockade
of part of Brönsted and Lewis acid sites and the number of acidic
sites in Au/Fe-Beta decreases. ZSM-5 zeolite has the lowest number
of LAS. Contrary to Y and Beta zeolites, it is clear that ZSM-5 mod-
ification with gold significantly increases the number of LAS. The
strength of acidity can be deduced from the position of IR bands in
the region 1600–1630 cm−1. The higher wavenumber indicates the
H-ZSM-5 1.39 11.50 12.89
Au-ZSM-5 6.05 0.70 6.75
Fe-ZSM-5 1.48 8.54 10.02
Au/Fe-ZSM-5 3.17 3.07 6.24
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Table 6
The amount of Bu2S adsorbed on examined materials.

Catalyst wt.% of all
adsorbates

wt.% of
C

wt.% of
H

wt.% of
S

wt.% of
Bu2S

Selectivity
a (%)

NaY 16.06 0.16 2.36 0 0 0
Au-Y 22.05 0.32 3.08 0.02 0.11 0.5
Fe-Y 2.99 1.38 2.66 0.21 0.98 32.6
Au/Fe-Y 11.32 1.44 2.47 0.34 1.58 13.9
Na-Beta 44.93 9.58 3.09 2.89 13.18 29.3
Au-Beta 17.84 7.95 2.28 2.41 10.98 61.6
Fe-Beta 17.55 8.36 2.46 2.63 12.00 68.4
Au/Fe-Beta 17.15 8.07 2.15 2.40 10.97 64.0
Na-ZSM-5 27.71 7.94 1.88 1.79 8.15 29.4

B
t

3

3
s

n
a

(
z
F
o
o
a
d
s
z
l

Au-ZSM-5 12.12 6.72 1.22 2.15 9.80 80.9
Au/Fe-ZSM-5 9.90 7.00 1.55 2.17 9.89 99.9

a Selectivity as the amount of Bu2S in total amount of adsorbates.

eta < Au/Fe-ZSM-5. This is the order of the strength of acidity of
he zeolites studied.

.4. Removal of odours

.4.1. Adsorption of Bu2S combined with the analysis by balance
cale

The results of odours adsorption presented in Table 6 show a sig-
ificant influence of the type of support on the amount of sulphide
dsorbed and total adsorption.

The adsorption capacity of zeolites measured for all adsorbates
Bu2S, moisture, CO2 and others from air) depends on the type of
eolite (sodium form or zeolite after modification with Au and/or
e), whereas the selective adsorption towards Bu2S depends mainly
n Si/Al ratio determining the hydrophilic/hydrophobic character
f solids. The most hydrophilic sorbent, Y zeolite, preferentially

dsorbs water, not dibutyl sulphide. The increase of Si/Al ratio
ecreases the hydrophilic character of the zeolite surface and the
electivity of Bu2S adsorption increases. Among sodium forms of
eolites, the largest Bu2S content in the total amount of adsorbates
ocated in zeolite pores was noted for high silica zeolites (Na-Beta

Fig. 5. Curves of air containing dibutyl sulp
Materials 179 (2010) 444–452

and Na-ZSM-5). The selectivity towards Bu2S adsorption achieves
29 wt.% for these zeolites. The introduction of gold or gold together
with iron strongly increases the sorption selectivity towards Bu2S
(ca. 60% and ca. 80% for Beta and ZSM-5 samples after modification,
respectively). The odour adsorption for modified ZSM-5 zeolites
reaches about 10 wt.%. Considering the amount of Bu2S adsorbed,
similar results were obtained on Beta-based samples (11–12 wt.%
of Bu2S adsorbed) but the selectivity of adsorption towards Bu2S
was much lower (62–68%). For Y zeolites the maximum amount
of Bu2S adsorbed was 1.5 wt.% on Au/Fe-Y, whereas on Au-Y it
was only 0.1 wt.%. It indicates that the introduction of iron along
with gold improves the sorption of sulphide in spite of almost two
times higher total adsorption capacity indicated by Au-Y without
iron. The role of iron in the selective adsorption of sulphide in the
pores is evident for Au/Fe-Y and not so significant in Au/Fe-Beta and
Au/Fe-ZSM-5. This behaviour should be related to the much higher
amount of iron species in Y modified zeolite and the presence in it of
iron-oxide species enhancing significantly Lewis acidity. According
to increasing effectiveness for Bu2S sorption, the zeolites studied
can be ordered as follows:

Fe-Beta > Au-Beta ∼= Au/Fe-Beta > Au-ZSM-5 ∼=
Au/Fe-ZSM-5 � Au/Fe-Y > Au-Y

The lowest Bu2S sorption in modified Y zeolites, which are
hydrophilic, is accounted for by the competition between the sorp-
tion of Bu2S and that of moisture from the air.

The shapes of Bu2S adsorption curves on selected catalysts are
shown in Fig. 5. For the catalysts based on Y zeolite, very fast adsorp-
tion of all adsorbates (Bu2S, moisture, CO2 and others from air)
takes place in the initial period after introduction of the first dose

of dibutyl sulphide and a steady-state is reached. The second dose of
Bu2S does not cause a significant increase in the mass of the catalyst
indicating that the zeolite cavities are already fulfilled. Interest-
ingly, the rate of adsorption and the sorption capacity are much
higher when Au-Y zeolite is used.

hide adsorbed at room temperature.



I. Sobczak et al. / Journal of Hazardous

F
t
p
p

p
(
B
d
a
b
s
t

3
e

t
s
e

t
a
b
h
t
n
t
w
p
l
c
i
t
O
p
p
f

ig. 6. Mass spectra of Au/Fe-� zeolite after Bu2S adsorption at room tempera-
ure and evacuation at 363 K for 5 h: 1. phial with paint; 2. phial; 3. phial with
aint—10 wt.% of Au/Fe-�; 4. phial with paint—20 wt.% of Au/Fe-�; 5. phial with
aint—50 wt.% of Au/Fe-�.

Catalysts based on Beta and ZSM-5 zeolite adsorb dibutyl sul-
hide and other adsorbates slowly because of diffusion effects
exemplary curves Au-ZSM-5, Au/Fe-ZSM-5, Au-Beta and Au/Fe-
eta are shown in Fig. 5), and after introduction of the second
ose of Bu2S a distinct mass increase is noted. The shape of the
dsorption curve shows some periodic losses of mass which could
e explained by the desorption of Bu2S caused by its migration in
traight channels or by the desorption of products of Bu2S catalytic
ransformation (oxidation).

.4.2. Adsorption of Bu2S combined with analysis by the
lectronic nose

Electronic nose can be applied to control and monitor odourants
hanks to the capability of reproducing human senses using sen-
or arrays and pattern recognition systems [32]. In our study the
lectronic nose was used to detect Bu2S or products of its oxidation.

To study the sorption capacity and the possible catalytic
ransformation of sulphide in practice, Au/Fe-Beta zeolite was
dmixtured with the paint. Au/Fe-Beta was selected for this study
ecause of the highest amount of Bu2S adsorbed on it and relatively
igh selectivity towards sulphide adsorption (64%). It is important
o stress that the specific signals coming from dibutyl sulphide do
ot appear in the MS spectra of the contents of phials painted with
he addition of the catalyst after desorption at 318 and 363 K (Fig. 6),
hereas they were present in spectra recorded for nonpainted
hials and those painted with pure paint (without the zeolite). The

uck of Bu2S in the atmosphere of phials painted by the mixture of
halk paint and desired zeolite indicates that sulphide is adsorbed
n the zeolite added to the paint. This result proves strong adsorp-
ion of the model odourant on the surface of Au/Fe-Beta catalyst.

ne cannot exclude that the catalytic oxidation of adsorbed sul-
hide with oxygen from the air takes place on the surface of the
aint with addition of Au/Fe-Beta. This point will be a subject of
urther study.
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4. Discussion

The main aim of this work was to get insight into the possible
use of modified zeolites for deodourisation of the air by adsorption
and catalytic transformation of odours. Dibutyl sulphide (Bu2S) was
applied as a model compound representing odours containing sul-
phur as heteroatom. Taking into account the possible oxidation of
sulphide adsorbed in the micropores of the zeolites, the modifi-
cation of sorbents was performed with gold and iron species well
known as active in catalytic oxidation.

The aim of this study was to estimate the effect of vari-
ous parameters determining Bu2S adsorption, such as: (i) zeolite
structure, (ii) Si/Al ratio in the zeolites, responsible for hydropho-
bic/hydrophilic properties, (iii) acidity of the pristine and modified
zeolites, (iv) transition metal modification. For this purpose we
chose zeolites exhibiting various structures: cubic NaY contain-
ing large cavities (entrance to large cavities ∼0.8 nm), Beta zeolite
(hydrogen form) with two dimensional channels (6.6 nm × 6.7 nm
and 5.6 nm × 5.6 nm), and ZSM-5 (hydrogen form) containing two
systems of channels (5.1 nm × 5.5 nm and 5.3 nm × 5.6 nm). These
zeolites were modified with gold and iron.

The adsorption curves of air containing Bu2S (Fig. 5) indicated
the role of the zeolite structure in the adsorption process. Cubic
structure with cavities of Y type zeolites permitted the highest
rate of adsorption evidenced by the shape of the adsorption curve.
Much slower adsorption process was observed on Beta and ZSM-5
zeolites with channel structure and smaller size micropores than
those in Y zeolites. The simplest interpretation of this phenomenon
could be a diffusion effect leading to the decrease in the adsorption
rate with decreasing micropore diameter (Y > Beta > ZSM-5). How-
ever, another point should be also considered. The rate at which the
surface is covered by the adsorbate depends on the substrate’s abil-
ity to dissipate the energy of the incoming molecule as it crushes
onto the surface. The proportion of collisions with the surface that
successfully lead to adsorption is called the sticking probability
[s] and is expressed by: s = the rate of adsorption of molecules by
the surface/the rate of collision of molecules with the surface [33].
The s value indicates how many collisions are needed before one
molecule sticks successfully. It is known that the sticking probabil-
ity on metal surfaces depends on the face of the metal crystal. One
can postulate that the sticking probability depends on the shape
of pores in non-metal solids and it is higher in the cavities than
in the channels. Such explanation is in agreement with our pre-
vious observations [2,4] showing that adsorption of Bu2S occurs
very slowly in mesopores of MCM-41 materials containing parallel
channels.

Considering odours adsorption one has to take into account the
competition between moisture and odouring compound in diffu-
sion and sorption inside pores of solids. Water is preferentially
adsorbed on hydrophilic surfaces. The selectivity towards Bu2S
adsorption on sorbents used in this work clearly depends on the
Si/Al ratio in the zeolites, determining the hydrophilic/hydrophobic
character of solids (the higher Si/Al ratio in the zeolites the
lower the hydrophilic character of the zeolite surface). The sorp-
tion selectivity towards Bu2S (Table 6) increases in the order of
Si/Al increase (Y-Si/Al = 2.7 < Beta-Si/Al = 12.5 < ZSM-5-Si/Al = 44.9).
Moreover, when one considers the same type of zeolite, it should
be noted that the selectivity towards Bu2S adsorption is higher
after modification of the zeolites with both metals (Au and Fe) in
comparison with that of the samples modified by gold only. Iron
admission into zeolites increases the number of acidic centres on

the surface of zeolites. Dibutyl sulphide is chemisorbed on both
Brönsted and Lewis acid centres. However, there is no simple rela-
tionship between the total number of acidic centres in all zeolites
studied and the amount of Bu2S adsorbed because the structural
factor and hydrophilicity play a significant role.
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The highest amount of Bu2S was adsorbed in Beta zeolites and
he experiment with painted phials and analysis with electronic
ose indicated that the sulphide is strong adsorbed in the pores
f Au/Fe-Beta, which gives hope for its possible regeneration via
atalytic oxidation of sulphide.

. Conclusions

The structure of zeolites determines the rate of adsorption of
the air containing Bu2S. The presence of cavities in the zeolite
structure permits higher adsorption rate than the presence of
channels.
Selectivity towards Bu2S adsorption is determined by hydropho-
bicity of the samples, which increases with increasing Si/Al ratio
in the zeolites (Y > Beta > ZSM-5).
Within the same zeolite structures the selectivity towards Bu2S
adsorption increases with increasing total number of acidic cen-
tres. Iron modification of zeolites enhances the number of acidic
sites.
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