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a b s t r a c t

Zeoadsorbents on the basis of copper forms of synthetic zeolite ZSM5 and natural zeolite of the clinoptilo-
lite type (CT) have been studied taking into account their environmental application in removing harmful
pyridine (py) from liquid and gas phase. Sorption of pyridine by copper forms of zeolites (Cu-ZSM5 and
Cu-CT) has been studied by CHN, X-ray photoelectron spectroscopy, X-ray powder diffractometry, FTIR
spectroscopy, thermal analysis (TG, DTA and DTG) and analysis of the surface areas and the pore volumes
by low-temperature adsorption of nitrogen. The results of thermal analyses of Cu-ZSM5, Cu-(py)xZSM5,
atural zeolite
linoptilolite
SM5
opper
yridine

Cu-CT and Cu-(py)xCT zeolitic products with different composition (x depends on the experimental condi-
tions of sorption of pyridine) clearly confirmed their different thermal properties as well as the sorption
of pyridine. In the zeolitic pyridine containing samples the main part of the pyridine release process
occurs at considerably higher temperatures than is the boiling point of pyridine, which proves strong
bond and irreversibility of py–zeolite interaction. FTIR spectra of Cu-(py)xzeolite samples showed well

e. The
used
resolved bands of pyridin
with the results of other

. Introduction

The compounds of pyridine occur in the environment as efflu-
nts from different industries such as pharmaceuticals, dyes,
erbicides and pesticides manufacturing, shale oil processing, food
rocessing and coal carbonization [1,2]. Pyridine is there used as
solvent, intermediate and also as a catalyst. Pyridine is a volatile

iquid with a threshold odor concentration of 0.1 ppm (58.6 mg L−1)
nd an odor index of 2390 [3,4]. According to USEPA pyridine is a
oxic, carcinogenic and teratogenic compound rated as a priority
ollutant [4,5]. Therefore, exposure to pyridine-laden emissions
ay have severe health implications. Conventionally, the emis-

ions, contaminated wastewaters or industrially contaminated
oil containing pyridine are treated by different physico-chemical

ethods such as adsorption [6,7], chemical oxidation, incineration

r biodegradation [1–5,8–10]. However, most of these treatment
ethods are costly and energy claiming.

∗ Corresponding author.
E-mail address: maria.rehakova@upjs.sk (M. Reháková).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.051
results of thermal analysis and FTIR spectroscopy are in a good agreement
methods.

© 2010 Elsevier B.V. All rights reserved.

Zeolitic materials are used to decrease the residual content
of heavy metals and other toxic compounds in wastewaters and
industrially contaminated soil [11–18]. The natural zeolite of the
clinoptilolite type as well as synthetic zeolite ZSM5 look to be
very interesting for the removal of pyridine due to their sorption
characteristics resulting from a combination of ion-exchange and
molecular sieve properties, which can be relatively easily modified.

The aim of our present study was the sorption of pyridine from
a liquid and gas phase by copper forms of synthetic zeolite ZSM5
(Cu-ZSM5) and natural zeolite of clinoptilolite type (Cu-CT). The
obtained zeolitic products containing pyridine were characterized
by CHN, X-ray photoelectron spectroscopy, X-ray powder diffrac-
tometry, FTIR spectroscopy, thermal analysis – TG, DTA and DTG
and analysis of the surface areas and the pore volumes by low-
temperature adsorption of nitrogen.

2. Experimental
2.1. Chemicals and materials

A synthetic zeolite Na-ZSM5 (Slovnaft a.s. Bratislava) of the
chemical composition (without water): 2.683% Na2O, 0.528% CaO,

dx.doi.org/10.1016/j.jhazmat.2010.11.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:maria.rehakova@upjs.sk
dx.doi.org/10.1016/j.jhazmat.2010.11.051
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.717% Al2O3, 93.072% SiO2 (ratio SiO2/Al2O3 = 42.94) and natural
eolite of the clinoptilolite type from the Eastern Slovakian deposit
t Nižný Hrabovec with content of clinoptilolite 84% and the chem-
cal composition (without water): 65.0–71.3% SiO2, 11.5–13.1%
l2O3, 2.7–5.2% CaO, 2.2–3.4% K2O, 0.7–1.9% Fe2O3, 0.6–1.2% MgO,
.2–1.3% Na2O, 0.1–0.3% TiO2 (ratio SiO2/Al2O3 = 4.8–5.4) [12] have
een used in our study.

Na-ZSM5 was thermally activated for 3–4 h by heating at con-
inuously increasing temperature in the range from 150 to 400 ◦C
1 h at 400 ◦C). Natural zeolite of the clinoptilolite type was ther-

ally activated for 2 h by heating at temperature 110 ◦C. Based on
ur long-term experimental experience the thermal activation of
atural zeolite was realized at lower temperature and shorter time
han the thermal activation of synthetic ZSM5 [19,20]. The temper-
ture and time of the thermal activation proved to be sufficient in
uch case if, after the thermal activation, the modification is realized
sing aqueous solution.

Copper sulphate, pyridine and other chemicals were of p.a.
urity (Merck).

.1.1. Material preparation
Copper forms of synthetic zeolite ZSM5 and natural clinoptilo-

ite were prepared by a reaction of thermally activated Na-ZSM5
nd natural clinoptilolite with CuSO4 solution of concentrations 0.1
nd 1.0 mol dm−3. After 2 h of stirring the heterogeneous mixtures
ere several times decanted and centrifuged in order to get them

id of sulphate ions, and then dried for 2 h at 90–100 ◦C. The copper
orms were denoted as Cu-ZSM5 and Cu-CT, marked by (0.1 M) or
1 M) denotation according to the solution concentration used.

Prepared copper forms of ZSM5 and clinoptilolite were used for
orption of pyridine from liquid as well as gas phase.

The products obtained by sorption of pyridine from liquid phase
ere prepared from copper forms of zeolites (6 g) by adding pyri-
ine in liquid phase: 10 ml for Cu-ZSM5, 8 ml for Cu-CT (it was
ecessary to use the higher volume of pyridine for the Cu-ZSM5
ample to cover all surface). The heterogeneous mixtures were left
o stand for 1 h (with occasional mixing), decanted several times
nd centrifuged. The final products were dried in a dark desiccator
ver silica gel at room temperature. The products were denoted as
u-py-ZSM5 (L) and Cu-py-CT (L).

The products obtained by sorption of pyridine from gas phase
ere prepared by exposing a layer of copper forms Cu-ZSM5 and
u-CT (5 g) to pyridine vapours for 10 days at room temperature

n a dark desiccators. Thus obtained samples were left in the desic-
ator without pyridine for the next three days. The products were
enoted as Cu-py-ZSM5 (G) and Cu-py-CT (G).

.2. Methods

CHN elemental analyses were performed by a PerkinElmer 2400
lemental Analyser. The copper and other elements were deter-
ined by the X-ray photoelectron spectroscopy (XPS).
The X-ray photoelectron spectra (XPS) were obtained with high

esolution electron spectrometer ESCA 310 (Gammadata Scienta,
weden) equipped with rotating anode of special UHV design. Pho-
oelectrons were excited using monochromatized Al K� X-rays
h� = 1486.6 eV), eliminating thus the bremsstrahlung radiation
hich might cause reduction of Cu2+ species. The samples were

pread on gold plates which were mounted on a sample probe
y means of tantalum clips. Detailed spectral scans were taken
ver Cu (2p), Si (2p), O (1s), C (1s) and N (1s) spectral regions. The

nstrument was calibrated so that the difference between Au 4f7/2
hotoelectron peak and Fermi level was 84.0 eV. The spectrometer
as operated in the fixed analyser transmission mode. The back-

round pressure of the residual gases during spectral accumulation
as typically of the order of ∼10−7 Pa. The Si (2p) binding energy
s Materials 186 (2011) 699–706

(103.4 eV) was used as internal standard in calibration in order
to compensate for static surface charging of the sample. The XPS
measurements were carried out on the samples in the as-received
state. The peak positions and areas were determined by fitting the
unsmoothed experimental data after subtraction of the Shirley [21]
background. Quantification of the element surface concentration
ratios was accomplished by correcting the integral intensities of the
photoemission peaks for their cross-sections [22] and accounting
for the dependence of the analyser transmission [23] and electron
mean free paths on kinetic energy of electrons [24]. Core level bind-
ing energies were determined with an accuracy of ±0.2 eV. The
results obtained did not depend on the angle of electron detection,
indicating thus the absence of measurable surface concentration
gradients.

Infrared spectra were obtained with KBr disc technique in the
range 400–4000 cm−1 using AVATAR 330 FTIR Thermo Nicolet IR
spectrometer.

The thermal analyses TG, DTA and DTG were measured up to
800 ◦C in air on a NETZSCH STA 409 PC/PG under the conditions:
sample weight 25 mg, heating rate 10 ◦C/min, Al2O3 crucible.

X-ray powder diffraction patterns were recorded with Bragg-
Brentano diffractometer Philips PW 1730/1050, using �-filtered Co
K� radiation, 40 kV/35 mA in the range of 2� 3–71◦, step 0.02◦.

The analysis of surface areas and the pore volumes of the
zeolitic samples were realized by a GEMINI 2360 (Micrometrics,
USA). The specific surface area was determined by low-temperature
adsorption of nitrogen. Before the measurements, the samples were
heated for 2 h at 105 ◦C.

3. Results and discussion

The zeoadsorbents on the basis of copper forms of synthetic
zeolite ZSM5 and natural zeolite of the clinoptilolite type were
used for removal of toxic pyridine from the liquid and gas phase
based on ion-exchange and sorption properties of zeolites. In the
first step, copper forms of synthetic ZSM5 and natural clinoptilolite
(Cu-ZSM5, Cu-CT) were obtained by an ion-exchange mechanism
of zeolites with copper sulphate solution, starting from Na-ZSM5
and natural zeolite of the clinoptilolite type. In the second step,
the copper forms of synthetic and natural zeolites were used for
the sorption of pyridine from the liquid and gas phase. In dif-
ferent experimental conditions, zeolitic products with different
content of pyridine were obtained. The reaction of Cu-ZSM5 and
Cu-CT with pyridine gave a blue-violet zeolitic product denoted
as Cu-(py)xZSM5 and Cu-(py)xCT (x depends on the experimental
conditions of sorption of pyridine). The blue-violet colour of the
products is given by the experimental conditions of sorption of pyri-
dine as well as by the pyridine content. The copper forms of both
zeolites containing pyridine and the starting samples Cu-ZSM5 and
Cu-CT were analyzed by the CHN, XPS, XRD, FTIR spectroscopy,
thermal analysis – TG, DTG, DTA and determination of the sur-
face areas and the pore volumes by low-temperature adsorption
of nitrogen.

The presence of copper in all products, in the starting materi-
als Cu-ZSM5, Cu-CT as well as in the pyridine containing products
Cu-(py)xZSM5 and Cu-(py)xCT was confirmed by XPS analyses. The
results of CHN analyses, XPS and thermal analyses checked the
presence of pyridine after its sorption by copper forms of synthetic
ZSM5 and natural clinoptilolite. The results of the CHN analyses
were in a good agreement with the results of thermal analyses.
The comparison of the sorption ability of the copper forms
of synthetic zeolite ZSM5 and natural zeolite CT showed that
the synthetic zeolite sorbed more pyridine than the natural CT.
More pyridine was sorbed from the gaseous emissions than from
the liquid phase. The differences were caused by the fact that,
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Fig. 2. Survey spectrum of the sample Cu-py-CT (L).

Table 1
Surface concentrations of elements calculated from XPS data for the samples after
sorption of pyridine.

Sample Si O Cu N Al K

Cu-py-ZSM5 (L) 1.00 2.03 0.031 0.013 – –
Cu-py-CT (L) 1.00 2.42 0.027 0.016 0.39 0.05

Table 2
Core level binding energies of Si (2p), O (1s), N (1s) and Cu (2p3/2) electrons and
widths of the lines at half-heights (in parentheses). All values are in eV.

Sample Line

Si (2p) Cu (2p3/2) O (1s) N (1s)

Cu-py-ZSM5 (L) 103.4 (2.5) 934.6 (4.0) 532.4 (2.6) 399.1 (2.1)
401.2

Cu-py-CT (L) 102.8 (2.6) 934.3 (4.8) 532.0 (2.8) 399.4
401.4 (2.1)
Fig. 1. Survey spectrum of the sample Cu-py-ZSM5 (L).

ollowing the sorption from the liquid phase, the products were
ashed, unlike in the sorption from the gaseous phase. Conse-

uently, a small part of pyridine in the products Cu-py-ZSM5 (G)
nd Cu-py-CT (G) could be sorbed physically on the surface.

For the preparation of the copper forms of zeolitic products
wo different concentrations of CuSO4 solution were used: 0.1
nd 1.0 mol dm−3. The copper forms prepared with the higher
.0 mol dm−3 concentration – CuCT (1 M) – of the starting solution
orbed by 0.5% more pyridine as compared with CuCT (0.1 M). The
verage content of pyridine in the zeolitic products after the pyri-
ine sorption was as follows: Cu-py-ZSM5 (L) 5.5%, Cu-py-ZSM5
G) 8%, Cu-py-CT (L) 3% and Cu-py-CT (G) 4%.

.1. X-ray photoelectron spectroscopy

Using XPS spectroscopy the samples Cu-py-ZSM5 (L) and Cu-
y-CT (L) were studied. The results obtained for Cu-ZSM5 sample
ere reported in our previous paper [25].

The XPS survey spectra with peak assignments are displayed
n Figs. 1 and 2. The composition of superficial layers calculated
rom the integrated intensities of Si (2p), O (1s), N (1s) and Cu (2p)
hotoemission lines is summarized in Table 1. The concentrations
f Al and K for Cu-py-CT (L) sample are also included. In Table 2 the
ore level binding energies and full widths at half maxima (FWHM)
re given.

The intense satellite structure of Cu (2p3/2) line characteristic of
u(II) indicates (Fig. 3) that divalent copper dominates in the sam-
les measured. The analysis of the spectra shows that in the sample
u-py-ZSM5 (L) almost all copper is present in oxidation state Cu(II)
hile about 15% of Cu(I) is present in Cu-py-CT (L) sample. During

pectra acquisition slow reduction of Cu(II) to Cu(I) accompanied by
ecrease of satellite intensity was observed (Figs. 4 and 5). To avoid
ignificant reduction in measuring the spectra of a given sample we
lways started with Cu (2p) line. The partial reduction of Cu2+ ions
o Cu+ in ZSM-5 and Y zeolites occurring under X-ray radiation has

lready been reported in the literature [26].

The N (1s) spectra of both studied samples (Fig. 6) are consistent
ith the presence of two different chemical states of nitrogen that

an be assigned to nitrogen atoms associated with different surface
ites [27,28].

Fig. 3. Spectra of Cu (2p) photoelectrons taken from the samples: (1) Cu-py-ZSM5
(L) and (2) Cu-py-CT (L).



702 M. Reháková et al. / Journal of Hazardous Materials 186 (2011) 699–706

Fig. 4. Spectra of Cu (2p) photoelectrons taken from the sample Cu-py-CT (L). The
spectrum 2 was measured 140 min after acquisition of the spectrum 1. During this
time period the sample was irradiated by X-ray radiation used to excite electrons.
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Fig. 6. Fitted spectra of N (1s) photoelectrons: (1) Cu-py-ZSM5 (L) and (2) Cu-py-CT
(L).
ig. 5. Spectra of Cu (2p) photoelectrons taken from the sample Cu-CT. The spectrum
was measured 140 min after acquisition of the spectrum 1. During this time period

he sample was irradiated by X-ray radiation used to excite electrons.

.2. IR spectroscopy

IR spectra of the starting zeolitic samples Cu-ZSM5, Cu-CT as
ell as the samples after the sorption of pyridine were taken.

he presence of pyridine was confirmed in the samples Cu-py-
SM5 and Cu-py-CT. In the studied region (400–4000 cm−1) several
eaks can be observed that were attributed to the stretching
ibrations of OH groups affiliated with tetrahedrally coordi-
ated aluminium (3606–3609 cm−1) and water (3446–3450 cm−1),
eformation vibration of water at 1640 cm−1, stretching vibrations
f Si–O groups (1052–1059 cm−1), deformation vibrations of OH
roups (789–798 cm−1), deformation vibrations of Al–O–Si groups

t 547 cm−1 and Si–O–Si at 444–454 cm−1. The results are in a
ood agreement with the literature [29–31]. The spectra of zeolitic
amples containing pyridine show the ring vibration of pyridine
etected in the frequency range of 1400–1650 cm−1 (Fig. 7) com-
Fig. 7. IR spectrum of Cu-py-ZSM5 (L) in the range from 1750 to 1400 cm−1.

monly used to characterize the concentrations of Brönsted and
Lewis acid sites [31–33]. The Brönsted acid sites correspond to the
1545 cm−1 band (pyridinium ion). The Lewis acid sites give rise to
the 1450 cm−1 band attributed to pyridine coordinatively bound to
accessible Al3+, while the band at 1490 cm−1 is attributed to the
adsorbed pyridine species on both Brönsted and Lewis acid sites.
The absorption of the Al3+ band interferes with copper absorption
band. Cu-ZSM5 shows only one peak at 1635 cm−1 assigned to the
deformation vibration of H–O–H groups, but the modified pyridine
containing forms exhibit in this region two absorption bands that
partially interfere at 1609–1635 cm−1 (a pure pyridine exhibits a
peak at 1583 cm−1 in the studied region [34]). It has been proved
[35–37] that these peaks of pure ligands shift to the higher fre-
quencies upon a complex formation. The shift of the experimentally
obtained peaks to about 1608 cm−1 (py) may support the conclu-

sion concerning a formation of the coordinate bond between copper
ions and the nitrogen atom of heterocyclic ring. This assertion is
also supported by the presence of the diagnostic Lewis peak at
≈1435–1450 cm−1.
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Fig. 8. TG (—), DTG (· · ·) and DTA (- - -) curves of the sample Cu-py-ZSM (L).
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Fig. 10. TG (—), DTG (· · ·) and DTA (- - -) curves of the sample Cu-CT.
ig. 9. TG (—), DTG (· · ·) and DTA (- - -) curves of the sample Cu-py-ZSM5 (G).

To better resolve the pyridine release, IR measurements of
ntermediate products of thermal decomposition of the sample Cu-
y-ZSM5 (L) at temperatures 150, 200, 250, 300, 350, 400 and 450 ◦C
ere performed. The presence of pyridine was confirmed in IR spec-

ra of all intermediate products obtained from 150 ◦C to 400 ◦C,
owever, in the IR spectra of the intermediate product obtained
fter the heating at 450 ◦C the vibrations of pyridine were missing.
hese results are in a good agreement with the results of thermal
nalysis (Fig. 8).

.3. Thermal analysis

The methods of thermal analysis significantly contributed to the
haracterization of the sorption processes of pyridine by copper
orms of synthetic and natural zeolites and to the better specifica-
ion of the interaction between pyridine and the zeolitic structure.

The results of thermal analyses clearly show different properties
f two solids: starting zeosorbents Cu-ZSM5, Cu-CT and zeosor-
ents containing pyridine Cu-py-ZSM5 and Cu-py-CT (Figs. 8–11).
he products containing pyridine have different TG, DTG and DTA
urve in comparison with the starting copper forms Cu-ZSM5 and
u-CT. The results of thermal analysis obtained for Cu-ZSM5 sam-
les were reported in our previous paper [25].
During thermal analysis of Cu-py-ZSM5 (L), in the first endother-
ic process up to the temperature 150 ◦C water is released (1.2%).

he exothermic process in the temperature range 150–460 ◦C cor-
esponds to pyridine release (5.5%) in three steps (Fig. 8): the first
tep in temperature range from 150 ◦C to 340 ◦C, the second one
Fig. 11. TG (—), DTG (· · ·) and DTA (- - -) curves of the sample Cu-py-CT (G).

from 340 ◦C to 400 ◦C, the third one up to temperature 450 ◦C with
a maximum of the strong exothermic peak on the DTA curve at
447.8 ◦C and with a clear weight loss on the TG curve. It can be
assumed that the release of the pyridine in the third step refers to
pyridine coordinated to copper ions. Thermal analysis of the sam-
ple Cu-py-CT (L) confirmed the release of pyridine, too. On the DTA
curve we can see endothermic process up to the temperature 200 ◦C
and exothermic process in the temperature range 200–480 ◦C with
a maximum at 437.1 ◦C which corresponds to a weight loss on the
TG curve. A small peak on the DTG curve in the temperature range
200–300 ◦C appears, too. The content of adsorbed pyridine is lower
in comparison with the sample Cu-py-ZSM5 (L), consequently, the
peaks on the DTG curve are not so intensive.

In the samples obtained by the sorption of pyridine from the
gas phase (Figs. 9 and 11) Cu-py-ZSM5 (G) and Cu-py-CT (G),
the desorption of a part of pyridine starts at lower temperatures
(together with water) as compared with the samples Cu-py-ZSM5
(L) obtained from liquid phase.

It si known from the literature [33,38] that during thermal anal-
ysis pyridine is released in several steps from Brönsted and Lewis
sites.

The main part of the pyridine is released from the products
Cu-py-ZSM5 and Cu-py-CT at remarkably higher temperatures
than is the boiling point of pyridine (115.2 ◦C). It provides evi-

dence in favour of “strong” bond and irreversible interaction of the
py–zeolite. The main part of pyridine is chemisorbed on Brönsted
and Lewis acid sites. In the case of the samples Cu-py-ZSM5 (G) and
Cu-py-CT (G), which were obtained by the sorption of pyridine from
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Fig. 12. The X-ray diffraction patte

he gas phase, however, a small amount of physisorbed pyridine
s released from the samples at lower temperature, together with

ater. Physically adsorbed pyridine on synthetic zeolites (ZSM5,
SM2 and H-� zeolites) in the temperature range from 100 to
50 ◦C was reported also in other studies [33,39–41]. Chemisorp-
ion of pyridine on synthetic zeolites is known from literature
33,42,43].

To obtain more information about thermal decomposition of
he samples Cu-py-ZSM5 and Cu-py-CT, mainly those concern-
ng the decomposition products of thermal analysis, it would
e necessary to analyse the decomposition products by mass
pectroscopy, too. The previous studies of thermal decomposi-
ion of copper forms of synthetic zeolite ZSM5 containing organic
iamines (ethylenediamine and dimethylethylenediamine) con-
rmed that, as a consequence of the catalytic effect of the silicate
urface, condensation and polymerisation reactions of the primar-
ly released products occur [44,45]. In case of the study of copper

orms of synthetic zeolite ZSM5 and natural clinoptilolite with pyri-
ine content, oxidation (in air atmosphere) of the released pyridine
uring exothermic process of thermal analysis [46] occurs as well
s other reactions of the released products as a result of the catalytic
ffect of the silicate surface may occur.
Cu-ZSM5 (a) and Cu-py-ZSM5 (b).

3.4. X-ray diffraction analysis

In Fig. 12, X-ray diffraction patterns of the samples Cu-ZSM5, Cu-
py-ZSM5 (L) and selected regions of peaks at 2� = 8–12◦ and 24–30◦

can be seen, which correspond to the specific peaks of ZSM5 zeolite
[47,48]. The selected regions show that the characteristic peaks for
Cu-exchanged zeolites are similar to those of pure ZSM5. No signif-
icant diffraction lines which could be assigned to any new phase,
as are extra-framework pyridine complexes of Cu, are observed.
Moreover, there is a shift in the peak positions at about 27◦ 2� which
indicates changes in the nature of the cations and their distribution
due to the formation of complex Cu-py cations in intra-framework
spaces of zeolite. The integral intensity ratio of selected diffrac-
tion line of Cu-ZSM5 and Cu-py-ZSM5 in the range of 2� = 9.5–11◦

and 26–29◦ shows also a small difference. It can be concluded that
pyridine is included in intra-framework spaces of synthetic zeolite
ZSM5.
3.5. Analysis of the surface areas and the pore volumes

The results of the study of the surface area changes of the zeolitic
samples are shown in Fig. 13 and are in a good agreement with the



M. Reháková et al. / Journal of Hazardou

Fig. 13. Diagram of surface area SBET [m2/g] of copper zeolitic samples and after
adsorption of pyridine: (a) Cu-ZSM5, (b) Cu-py-ZSM5 (L), (c) Cu-CT and (d) Cu-py-CT
(L).

Table 3
The surface areas (SBET) and pore volumes of the studied zeolitic samples.

Sample SBET [m2/g] Pore volume [cm3/g]

Cu-ZSM5 23.3619 0.0375
Cu-py-ZSM5 (L) 11.8035 0.0168
Cu-py-ZSM5 (G) 11.0191 0.0156
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Cu-CT 23.9645 0.0384
Cu-py-CT (L) 20.8700 0.0354
Cu-py-CT (G) 20.3243 0.0211

esults of the pore volumes measurement (Table 3). By the compar-
son of the results for the starting copper zeolitic samples and the
amples after the sorption of pyridine, it was found that the surface
reas and pore volumes decreased due to the adsorption of pyri-
ine. The surface areas and pore volumes of the starting samples
re relatively low because, before the measurements, all samples
ere heated only to the temperature 105 ◦C for 2 h. Higher tem-
eratures in order to remove water could not be applied since the
esorption of pyridine could already occur.

. Conclusion

For the sorption of toxic pyridine from the liquid and gas phase,
he zeosorbents on the bases of copper forms of synthetic zeolite
SM5 and natural zeolites of the clinoptilolite type were used. The
ethods of thermal analysis and FTIR significantly contributed to a
ore detailed characterization of the sorption processes of pyridine

y copper forms of synthetic and natural zeolites. The content of
he sorbed pyridine in zeosorbents was different and dependent on
he experimental conditions during the preparation of the modified
opper forms of synthetic and natural zeosorbents, as well as during
he sorption process. An increase in the amount of sorbed pyridine
y following modification of the zeosorbents can be possible. NMR
pectroscopy studies of the zeosorbents after pyridine sorption will
e applied in order to better understanding the sorption process
nd the interaction of pyridine with zeolitic structure.

The copper forms of zeosorbents have been studied for their
nvironmental application in the field of removing harmful pyri-
ine. In combination with a following biodegradation of pyridine,
sing a metabolic activity of some microorganisms, it could be a
erspective ecological alternation of degradation of the pyridine
ontaminants.
cknowledgements

Three of the authors gratefully acknowledge the financial sup-
ort provided by the Scientific Grant Agency of the Slovak Republic

[

[

s Materials 186 (2011) 699–706 705

(grant no. 1/0107/08). One of the authors (Z.B.) thanks to the Grant
Agency of Academy of Sciences of the Czech Republic (grant no.
KAN 100400702).

References

[1] J. Li, W. Cai, J. Cai, The characteristics and mechanisms of pyridine biodegrada-
tion by Streptomyces sp., J. Hazard. Mater. 165 (2009) 950–954.

[2] L. Qiao, J. Wang, Microbial degradation of pyridine by Paracoccus sp. isolated
from contaminated soil, J. Hazard. Mater. 176 (2010) 220–225.

[3] A.K. Mathur, C.B. Majumder, S. Chatterjee, P. Roy, Biodegradation of pyridine
by the new bacterial isolates S. putrefaciens and B. sphaericus, J. Hazard. Mater.
157 (2008) 335–343.

[4] D.J. Richards, W.K. Shieth, Biological fate of organic priority pollutants in the
aquatic environment, Water Res. 20 (1986) 1077–1090.

[5] C. Zhang, M. Li, G. Liu, H. Luo, R. Zhang, Pyridine degradation in the microbial
fuel cells, J. Hazard. Mater. 172 (2009) 465–471.

[6] D.H. Lataye, I.M. Mishra, I.D. Mall, Removal of pyridine from aqueous solution
by adsorption on bagasse fly ash, Ind. Eng. Chem. Res. 45 (2006) 3934–3943.

[7] D. Mohan, K.P. Singh, S. Sinha, D. Gosh, Removal of pyridine from aqueous solu-
tion using low cost activated carbons derived from agricultural waste materials,
Carbon 42 (2004) 2409–2421.

[8] K.V. Padoley, A.S. Rajvaidya, T.V. Subbarao, R.A. Pandey, Biodegradation of pyri-
dine in a completely mixed activated sludge process, Bioresour. Technol. 97
(2006) 1225–1236.

[9] S. Fetzner, Bacterial degradation of pyridine, indole, quinoline and their deriva-
tives under different redox conditions, Appl. Microbiol. Biotechnol. 49 (1998)
237–250.

10] S.T. Lee, T.K. Rhee, G.M. Lee, Biodegradation of pyridine by freely suspended
and immobilized Pimelobacter sp., Appl. Environ. Microbiol. 41 (1994) 652–
657.

11] M.A. Stylianou, M.P. Hadjiconstantinou, V.J. Inglezakis, K.G. Moustakas, M.D.
Loizidou, Use of natural clinoptilolite for the removal lead, copper and zinc in
fixed bed column, J. Hazard. Mater. 143 (2007) 575–581.
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