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The paper presents physico-chemical properties of mixed adsorbents in the clinoptylolite (mordenite)/SiO, system contain-
ing 30, 50, 80 mass% zeolite. Adsorption capacity towards polar (water, butanol) and non-polar (n-octane) substances as well as to-
tal surface heterogeneity (energetic and geometrical) were determined. Desorption energy distribution functions as well as fractal
dimensions were also determined and compared with the low-temperature nitrogen adsorption data. Irregular shapes of the curves
q=f(E,) as well as large values of volumetric fractal dimensions (D;~2.6) revealed heterogeneous properties of the zeolite/SiO, sys-

tem surfaces. Addition of zeolite increases total heterogeneity of the material.
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Introduction

Zeolites, aluminium oxides and silica gels are
adsorbents widely applied in industry [1-4], environ-
ment protection [5-7], agriculture [8-10], medicine,
optics, microelectronics and many other fields. Molec-
ular sieve properties and high resistance to acid action
are responsible for the fact that zeolites are used as cat-
alysts. They find application in petrochemical industry
in cracking [11], hydrocracking, isomerization and
other processes. Zeolite catalysts are characterized by
high activity, good selectivity, stability and capability
of multiple regeneration. Zeolites are characterized by
high ion exchange selectivity towards *’Cs and *Sr as
well as other radioactive elements [12—-16, 23]. They
are also used for purification of water and waste water
containing heavy metal salts [5—7]. lon exchange is the
process most frequently applied for removal of these
compounds on zeolites. In this process clinoptylolite,
which, due to its properties, can be used not only for
purification of waste water [17] but also for recovery
of metals [18-22] found the widest applications. Ow-
ing to its large adsorption capacities towards vapours
and gases it is used in environment protection to re-
move toxic gases, among others, SO,, H,S, NH3, N, Oy,
Cl, and others from the atmosphere. To use them in
practice, one must be familiar with physico-chemical
properties of their surfaces. The properties of individ-
ual compounds are often examined. However, papers
dealing with properties of mixed adsorbents are scarce
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in the literature. Porosity is one of the most important
characteristics considered in determination of solid
surface properties. Specific surface area, average pore
radius and total pore volume have a significant effect
on physico-chemical processes on the solid surface.
Surface properties can be modified using high temper-
ature or chemical modification. Thermal analysis is
one of the methods used in determination of surface
heterogeneity and adsorption properties. The paper
presents determination of adsorption properties and
functions of liquid desorption energy distribution
mixed mesoporous adsorbent surfaces in the zeo-
lite/Si0, system from the single curves of programmed
thermodesorption under quasi-isothermal conditions
Q-TG and Q-DTG [24-26].

Experimental
Materials

The following zeolites were used in these studies:
mordenite (MN-369-2M), trans-carpation clinoptylolite
and silica gel (Merck). The solvents of analytical purity,
1-butanol, n-octane (POCH Gliwice, Poland) and
redistilled water were used.

Sample preparation

Ground zeolite (fraction >0.088 mm) was mixed with
disintegrated silica in definite mass ratios; in which
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zeolite constituted 30, 50, 80% mixture. Then re-
distilled water was added and homogenized until a
gel-like mass was obtained which was dehydrated and
dried at 200°C for 2 h.

Measuring methods

Thermodesorption of polar (water, 1-butanol) and
non-polar (n-octane) liquids from the synthesized ma-
terial surfaces was made using a derivatograph of
Q-1500D type (MOM, Hungary). The samples were
dried at 200°C for 10 h to remove water. Then they
were saturated with liquid vapours in a vacuum desic-
cator where p/pp=1 for 30 h to establish liquid
adsorption equilibrium.

Zeolite samples were moved into the measuring
crucible placed in the derivatograph furnace and 3
measurements were made in the temperature range
20-250°C with the heating rate 6°C min'. The mea-
surements closest to the average value were taken for
calculations.

From the low-temperature nitrogen adsorption
(sorptomat ASAP 2405 V1.01) specific surface areas
and pore volume were determined and then fractal di-
mensions were calculated. Adsorption capacity and total
surface heterogeneity of the studied samples were deter-
mined from the above mentioned experimental data.

Results and discussion

Catalytic and adsorption properties of materials de-
pend on porosity and energetic heterogeneity of the
surface. Composition change of one component re-
sults in the change of a number of active centres on
the surface and affects the system geometry. The po-
rosity parameters of the samples were determined
from the nitrogen adsorption—desorption isotherms
and are shown in Table 1.

Increase in the percentage content of zeolite in the
sample mass results in decreasing specific surface
area (Sggr) in the range 323-27.8 for for clinoptylolite
and 323-27.6 m’ g’1 for mordenite (Table 1). Increas-
ing concentration of zeolite results in pore volume de-
crease in both cases (Fig. 1) and in insignificant
changes of pore radius (Table 1). From the nitrogen ad-
sorption—desorption isotherms fractal dimensions were
calculated using the methods based on the theories by
Frankel, Halsey and Hill as well as Kiselev from the
following equations [27-30] and compared in Table 1:

d{ln j (—lnx)da}
d[In(—Inx)]
Dy, =3-d[Ina(x)]/d[In(Inx)] )

where « is the adsorption quantity, x=p/p.

The values of volumetric fractal dimension
change in the range 2.5-2.7 and provide evidence for
heterogeneous pore distribution. With increasing
value of Dy, the relative contribution of the pores hav-
ing the value close to the maximum increases and thus
the sample heterogeneity increases.

The statistical number of liquid monolayers on
the surface of the studied mixed adsorbents given in
Table 2 was calculated from the Q-TG and Q-DTG
curves in Fig. 2.

Figure 3 presents the curves of adsorption capacity
as function of percentage content of zeolite in the sam-
ple. The curves a=f (% of zeolite) are similar in both
cases. Adsorption capacity decreases with the increasing
concentration of zeolite due to the decrease in the adsor-
bent specific surface area; this is largest for water.

Figure 4 presents the dependence of statistical
number of monolayers as a function of zeolite con-
centration. With increasing amount of zeolite in the
sample there is observed a sudden increase of mono-
layer number for the water adsorption 6—44 for

D, =2+ (1)

Table 1 Adsorption and structural parameters of the mixed mesoporous adsorbent in the zeolite/SiO, system determined from

the nitrogen adsorption isotherms

Zeolite/% SBE]'/m2 g71 SMlc/mz g,] VBJH A]:)s/Cl'Tl3 gil VBJH [)Es/Cl’l'l3 gil VMlc/Cm3 gil DA\//Tlm Df
clinoptylolite

100 27.8 3.7 0.11 0.11 0.0016 13.01 2.63
80 59.1 2.7 0.26 0.26 0.001 13.71 2.63
50 137.1 - 0.53 0.52 - 12.63 -
30 145.1 10.1 0.65 0.64 0.0037 12.92 2.61

mordenite

100 27.6 2.93 0.08 0.09 0.0012 10.97 2.67
80 91.2 - 0.19 0.23 - 8.57 2.64
30 116.9 2.57 0.56 0.54 - 14.98 2.62

SiO, 323.1 0.39 0.94 0.84 - 9.23 2.51

Sger — specific surface area, Syic — micropore area, Vg — pore volume, Vyc — micropore volume, Day — average pore diameter,

Dy — volumetric fractal dimension.
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Fig. 1 The dependency of pore volume on the percentage content of a — clynoptylolite and b — mordenite in the samples

100 1
100 1 ;
90 1 90 7
80 - 80
° * S
S \ s
2 \ 2
= \ = R
70 \ 70 4 water \_\
n-octane \ 1 - mordenite -5
1 — mordenite \ 2 — 30% mordenite
2 — 30% mordenite N 3 — 50% mordenite
60 - 3 - 50% mordenite \ 60 4 4 - 80% mordenite
4 — 80% mordenite g 5 —silica
5 —silica ~. 6 — clinoptylolite
6 — clinoptylolite 's 7 —30% clinoptylolite
7 - 50% clinoptylolite 8 — 80% clinoptylolite
50 T T T T 1 50 T T T T 1
40 80 120 160 200 40 80 120 160 200
Temperature/°C Temperature/°C
100 ~
90
80 1
d
%
e N.-- g
= n-butanol \ \ ~=
70 4 i 5
1 — mordenite
2 — 30% mordenite
3 - 50% mordenite \ \
4 — 80% mordenite 7
60 4 5 —silica ~ 3
6 — clinoptylolite
7 —30% clinoptylolite
8 —50% clinoptylolite
9 — 80% clinoptylolite
50 T T T T 1
40 80 120 160 200

Temperature/°C

Fig. 2 The mass loss curves Q-TG of liquids thermodesorption from the mixed adsorbents

J. Therm. Anal. Cal., 86, 2006 71



STERNIK et al.

+— n-octane
& — water
b +— n-butanol

a/mg mg !

0.0

0 20 4IO 6IO S(I) l(‘)O
Clinoptylolite/%

< — water

+ — n-octane

124 - n-butanol

a/mg mg !

0.0

20 40 60 80 100
Mordenite/%

Fig. 3 The dependency of adsorption capacity on the percentage content of the zeolite in the sample

clinoptylolite and 5-34 for mordenite due to the in-
crease in active centres of hydrophilic character on
the material surface and in the interactive adsor-
bent—adsorbate forces. In the case of butanol or oc-
tane an insignificant increase of the value n in both
cases is observed.

From the Q-TG and Q-DTG data the statistical
number of liquid monolayers, 7y, were determined

as well as the
tion from the

functions of desorption energy distribu-
dependences [24]:

_Ld@i _Vv exp _E, 3)
-0, dT B RT
do 1
()= (4)
? dT T

Table 2 Properties of liquid adsorption layers of the surface mixed mesoporous adsorbent in the zeolite/SiO, system

1

Zeolite/% liquid Am/mg a/mg mg’1 k/mmol g~ n
clinoptylolite

n-octane 5 0.0769 0.00067 6

100 water 11 0.2972 0.0018 45
n-butanol 12 0.1090 0.0014 11

n-octane 48 0.2181 0.0019 8

80 water 63 0.3014 0.0167 21
n-butanol 30 0.1570 0.0021 8

n-octane 8 0.2000 0.00175 3

50 water 21 0.3888 0.21604 12
n-butanol 21 0.3888 0.00525 8

n-octane 38 0.2171 0.0019 3

30 water 29 0.03372 0.0187 9
n-butanol 11 0.5000 0.00675 10

mordenite

n-octane 17 0.00982 0.00086 8

100 water 14 0.21538 0.0119 33
n-butanol 13 0.09489 0.00128 10

n-octane 10 0.38461 0.00336 9

80 water 7 0.2414 0.0134 11
n-butanol 6 0.1818 0.00245 6

n-octane 22 0.2973 0.0026 4

50 water 16 0.4571 0.02539 13
n-butanol 32 0.6956 0.0094 14

n-octane 14 0.2800 0.0024 6

30 water 6 0.1578 0.0087 6
n-butanol 15 0.3333 0.0045 7

n-octane 25 0.8064 0.00705 6

SiO, water 9 0.5000 0.0278 6
n-butanol 13 0.8666 0.0177 8
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Fig. 5 Energy distribution function of water desorption from: a — mordenite, b — clinoptylolite, ¢ — silica surface
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Table 3 Changes of desorption energy of the liquids from the tested samples

n-octane water n-butanol
Zeolite/%
dEd E d,max Gmax dE d E d,max G max dEd Ed,max Gmax

clinoptylolite 18-40 16 1.6107 13-60 40 4210 12-40 27 55107
80 10-55 35 7.1-107 17-80 49 7.4107 10-80 44 6.4-107
50 12-60 30 4510" 20-60 39 3.1.10* 11-60 27 5.5107*
30 12-85 43 8.0-107* 20-60 35 6.4-107 18-80 54 7.6107*
mordenite 15-60 30 1.1-.10* 15-45 30 25107 17-35 19 3.0-.10*
80 10-35 25 23107 16-45 31 28107 15-90 65 1.1-107
50 12-55 28 64107 18-60 30 1.3-107 30-90 54 82107
30 18-50 22 4910 16-63 46 7.7-107* 14-83 48 7.7-107*
SiO, 25-68 43 2.5107 12-53 32 1.9-107* 18-30 21 1.7-107

where T=Ty+f3¢, 0 the degree of surface coverage, v the
entropy factor, E; the desorption energy calculated for
each temperature, Ty and 7 the initial and given temper-
atures of desorption, respectively, B the heating rate of
the sample, ¢ the time and R the universal gas constant.
Table 3 presents the comparison of value £y change
ranges for individual systems and Fig. 4 presents energy
distribution function of water desorption from pure:
a) mordenite, b) clinoptylolite, c) silica surface.

The functions of material energy distribution on
the basis of clinoptylolite and mordenite presented in
Fig. 5 differ in desorption energy values and shape of
curve which indicates a complex mechanism of
desorption and influence of zeolite concentration on
this process. Higher distribution function values cor-
respond to a larger number of active centres of a given
energy on the surface. The increase in Eq .« value in-
dicates also the increase in the adsorbate—adsorbent
interaction force (Table 3).

Conclusions

The paper presents the description of physico-chemi-
cal and adsorption properties of mixed adsorbents in
the zeolite/SiO, system with different contents of
clinoptylolite and mordenite. The research showed
that desorption of the studied liquids proceeds in a
discontinuous way as shown by the inflections of the
Q-TG curves which are due to the energy difference
of the adsorbate—adsorbent interactions, nature of ac-
tive centre and solid surface porosity. The Q-TG and
Q-DTG curves were used for calculation of the num-
ber of monolayers and of the desorption energy distri-
bution. Adsorption capacity dependences on zeolite
concentration in the sample showed a decrease in the
adsorbed liquid amount compared with pure silica gel
with simultaneous increase of a monolayer number
which were the same in both cases. Zeolite content in-
crease affects adsorption—structural properties of the
obtained materials. Studies of low-temperature nitro-
gen adsorption showed a decrease in the specific sur-

74

face area (Sppr) and the total pore volume with in-
creasing zeolite fraction concentration compared with
silica gel. Addition of zeolite results in the increase of
complete heterogeneity of the material. In order to
characterize the complete heterogeneity of the mate-
rial, function of pore volume distribution in relation
to the radius, fractal dimensions and of desorption en-
ergy distribution were calculated. Irregular shapes of
the curves ¢g=f(E4) and large values of volumetric
fractal dimensions (D¢~2.6) confirmed heterogeneous
properties of the zeolite SiO, system surface. As far as
surface is concerned the programmed thermo-
desorption method under quasi-isothermal conditions
combined with the sorptomatic method proved to be
very useful in studies of mixed systems.

References

1 U. Mayer and W. F. Hoelderich, J. Mol. Catal. A: Chem.,
142 (1999) 213.
2 G. K. Chuah, X. Xu. P. Zhan and S. Joenicke,
J. Mol. Catal. A: Chem., 181 (2002) 25.
3 L. Bartea, H. W. Kouwanhoven and R. Prins, Appl. Catal. A,
129 (1995) 229.
4 D. Domin¢ and C. Hiy, Molecular Sieves (Soc. Chem. Ind.),
London 1968, p. 204.
5 H. Xiubin and H. Zhanbin, Resources Conservation and
Recycling, 34 (2001) 45.
6 A. Gladysz-Plaska, M. Kowalska-Ternes and M. Majdan,
Przem. Chem., 79 (2000) 298.
7 M. Kowalska and M. Majdan, Przem. Chem., 78 (1999) 257.
8 F. A. Mumpton and R. H. Fishman, J. Anim. Sci.,
45 (1997) 1188.
9 T. M. Lai and D. D. Eberl, Zeolites, 6 (1986) 129.
10 J. E. Garcia, Hernandez, J. S. Notario del Pino,
L. J. Arteaga-Padron and M. M. Gonzalez-Martin,
Agrochimica, 32 (1992) 1.
11 F. E. Trigueiro, D. F. J. Monteiro, F. M. Z. Zotin, E. Falabella
and S. Aguiar, J. Alloys Compd., 344 (2002) 337.
12 B. W. Mercer, L. L. Ames Jr. and R. W. Smith,
Nucl. Appl. Technol. ECL., 152 (1970) 62.
13 A. Dyer and D. Keir, Zeolites, 4 (1984) 215.

J. Therm. Anal. Cal., 86, 2006



14

20

21

MIXED ADSORBENT IN THE ZEOLITE/SiO, SYSTEM

S. M. Robinson, W. D. Arnold and C. H. Byers,
Multicomponent lon-Exchange Equilibria in Chabazite
Zeolite, in: ACS Symposium Series 468, D. W. Tedder
and F. G. Pohland (Eds), ACS. Washington. D.C. 1991,
pp- 133-152.

P. Rajec, L. Matel, J. Orechovska and J. Sucha,

J. Radioanal. Nucl. Chem., 208 (1996) 477.

S. Amini and A. Dyer, J. Radioanal. Nucl. Chem.,

178 (1994) 273.

F. A. Nour El-Dien, M. M. Ali and M. A. Zayed,
Thermochim. Acta, 307 (1997) 65.

E. Malliou, M. Malamis and P. O. Sakellarides,

Water Sci. Technol., 25 (1992) 133.

E. Malliou, M. Loizidou and N. Spyrellis, Sci. Total Environ.,
149 (1994) 139.

Z.Liand R. S. Bowman, Environ. Sci. Technol.,

31 (1997) 2407.

Z.Li,S.J.Roy, Y. Zou and R. S. Bowman,

Environ. Sci. Technol., 32 (1998) 2628.

J. Therm. Anal. Cal., 86, 2006

22 T.D. Hinsly, E. K. Redborg, E. L. Ziegler and
J. D. Alexander, J. Am. Soil Sci. Soc., 46 (1981) 1009.
23 H. Nishita and R. M. Haug, Soil Sci., 114 (1972) 149.
24 P. Staszczuk, D. Sternik and V. V. Kutarov,

J. Therm. Anal. Cal., 69 (2002) 23.
25 P. Staszczuk, V. V. Kutarov and M. Planda,
J. Therm. Anal. Cal., 71 (2003) 445.
D. Sternik, P. Staszczuk, G. Grodzicka, J. Pekalska and
K. Skrzypiec, J. Therm. Anal. Cal., 77 (2004) 171.
A. B. Kisielev, The Structure and Properties of Porous
Materials, Butterworths, London 1958, p. 195.

26
27

28
29 P. Pfeifer, Fractals in Physics, North-Holland,
Amsterdam 1986, p. 72.

P. Staszczuk, D. Sternik, G. W. Chadzynski and

V. V. Kutarov, J. Alloys Compd., 367 (2004) 277.

30

P. Pfeifer and D. Avnir, J. Chem. Phys., 79 (1983) 4573.

DOI: 10.1007/s10973-006-7590-6

75




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


