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ADSORPTION AND COMPLEXING PROPERTIES OF SILICA
MODIFIED WITH B-CYCLODEXTRIN
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17 General Naumov Street, Kyiv 03164, Ukraine

The sorption of cadmium (I1) cations on the surface of amorphous macroporous silicas chemically
modified with S-cyclodextrin and its functional derivatives has been studied. It was shown that sorption of
cadmium (1) follows the Frendlich isotherm for heterogeneous surface. Analysis of sorption kinetic curves
in the framework of the Lagergren kinetic model for reactions of pseudo-first and pseudo-second order
shows that two parallel processes take place on the surface of f-cyclodextrin-containing silicas. It has
been proved that significant increasing of cadmium (I1) nitrate sorption is a result of uncharged su-
pramolecular structures formation on the surface of silicas modified with g-cyclodextrins. The chemical
composition of these supramolecular structures correlates with the polarizability of functional substituents
of Ss-cyclodextrins.
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Aminopropylsilica (adsorbent2) was ob-
tained by interaction of hydroxylated silica (ad-
sorbent 1) with paminopropyltriethoxysilane.
Organosilicas chemically modified with
B-cyclodextrin were synthesized by interaction of
aminopropylsilica with mono-toluenesulforfd€D
(adsorbent 3); bromine derivative of heptakis-
(toluenesulfonyl)3-CD  with  aminopropyl-
silica (adsorbent 4) and chemical interaction of
bromoacetyl groups of adsorbent4 with thio-
semicarbazide (adsorbent 5).

Structural and sorption parameters, chemical
composition and structure of the surface layer of
silica adsorbents (Table 1) were determined from
the isotherms of low-temperature nitrogen ad-
sorption, elemental and chemical analysis, poten-
tiometric titration, thermogravimetry data, IR,
UV, and'H NMR spectroscopy.

Table 1. Chemical composition of surface layer of
synthesized silica adsorbents

Concentration Content of chemical elements,
of functional %

Adsorbent

groups of

adsorbent, H C N S Br

mmol g*
1 0.40 — — — — —
2 0.28 0.451.00 0.40 — —
3 0.035 0.702.80 0.40 - —
4 0.01 0.60 2.20 0.400.20 0.70
5 0.01 0.652.30 0.800.50 -

Sorption of Cd (Il) ions was studied at°g2
under static conditions using multi-batch method
from 2.510" to 4.010°M (pH ~ 1) Cd(NQ),
agueous solutions as a function of contact time
with silica and the equilibrium solution concen-
tration. Suspensions containing 0.025 g of silica
adsorbent and 20 ¢nof Cd(NG,), solution were
kept for 4 h in a JULABO SW22 water thermo-
stat with continuous shaking (shaking frequency
110 rpm). The amount of Cd (ll) ions in the initial
and equilibrium solutions was determined by the
absorption band with,,,= 576 nm using xylenol
orange as reagent on a Perkin EImer Lambda 35
spectrophotometer.

The relative content of various cadmium (II)
species in agueous solutions at pH 1-5 depending
on the concentration of free NQons was calcu-
lated using the program Chemical Equilibria in
Aquatic System.

Ultraviolet absorption spectra of Cd(N®
agueous solutions were recorded on a Spe-
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cord M-40 spectrophotometer in the wavelength
range 240-400 nm in quartz cells wlith 1 cm.

Infrared transmission spectra were registered
in the frequency range 4000-400¢nuising a
Thermo Nicolet NEXUS FT-IR spectrophotome-
ter. To record the IR spectra samples of adsorb-
ents of ~30 mg each were compacted in plates
under the pressure of Pa.

RESULTS AND DISCUSSION

From aqueous solutions of cadmium nitrate
with pH ~ 1 Cd (Il) ions can be adsorbed on the
surface of studied silicas as two existing species:
Cd?* and Cd(N@)*, 80% of which being divalent
cation. Sorption equilibrium is achieved within
1 h, and for organosilicas 3-5 substantial sorption
capacity is already realized in the first 15 misute
(Fig. 2). The isotherms of Cd (Il) ions sorption
for all studied functional silicas are presented in
Fig. 3.
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Adsorbents 1 and 2 practically do not absorb
cations Cd (II) from solutions with a concentra-
tion less than 0.001 M. The maximum sorption of
Cd (II) from 0.001 M aqueous solutions over the
content of chemically grafte@-CD at 1.1, 1.6,
and 5.2 times for adsorbents 3-5, respectively,
and the distribution coefficients increase by two
orders of magnitude in comparison with that of
initial silica (Table 2).

Table 2. Structural and sorption parameters of silica

adsorbents
Specific Spec.'f'c Distribution
Adsorbent surface sorption coefficient,
area, of Cd (Il) Lot
m?gt  cations, % 9
1 118 14 7
2 111 9 5
3 98 110 125
4 90 460 200
5 85 520 340

The IR spectrum of silica 1 after adsorption
of cadmium (1) is practically unchanged. In the
IR spectrum of adsorbent2 a little shift of the
absorption band of the deformation vibrations of
the N—-H bond in the primary amino groups (1571
and 1542 cml) into low-frequency range
(1520 cm?) is observed, indicating the formation
of a complex between aminopropyl groups and
Cd (I) ions [12]. In the IR spectrum of adsorb-

the bromoacetyl groups have been registered. The
absorption band at 1455 chbelongs to the de-
formation vibrations of the C—H bond, the ab-
sorption bands at 1560 and 1540 twere at-
tributed to the deformation vibrations of the N-H
bonds in the amino groups. After adsorption of
cadmium (Il) the absorption bands of the valence
vibrations of the C—H bonds become less clear,
the characteristic absorption bands of the C-Br
and C=0 bonds of the bromoacetyl groups are
absent; the absorption bands of the deformation
vibrations of the N-H bond are shifted in low-
frequency region (1530 ch). In the IR spectrum

of adsorbent 5 the absorption bands of the va-
lence vibrations of the C—H bond (2970, 2935,
2880 cm?) of the methylene groups and the de-
formation vibrations of the O—H bond (1635¢m

of the COH groups are observed. The absorption
band at 1540 crcorresponds to the deformation
vibrations of the N—H bond in the amino groups,
the absorption bands at 1470 and 1435 enere
attributed to the deformation vibrations of the
amino groups and the valence vibrations of the
N-C-N and C=S bonds in thiosemicarbazide
groups. After adsorption of cadmium (ll) the ab-
sorption bands of the valence vibrations of the
N-C-N and C=S bonds disappear, and the ab-
sorption band of the deformation vibrations of
the amino groups is shifted in low-frequency
region (1520 cr). Hence, the side functional

ent 3, besides the absorption bands belonging to groups of the upper (wider) edge BCD mole-
the aminopropyl groups, the absorption bands of cule and its derivatives fixed on the surface of

the valence vibrations of the O—H bond for seco-
ndary alcohol groups (3375, 3290 ¢jrof B-CD

are present. At the same time, the intensity of the sorption

valence and deformation vibrations of the C-H
bonds (2950, 2880 cthand 1460, 1390 cthre-
spectively) is higher than that for silica 2. After
adsorption of cadmium (ll) the absorption bands
of the valence vibrations (f-CD become less

pronounced, and the absorption bands of the de-

formation vibrations of the N-H and C—H bonds
are shifted into low-frequency region (1525,
1400, and 1325 cH). In the IR spectrum of ad-
sorbent 4 the absorption bands of heptakis-
(toluenesulfonyl)3-CD, namely, the bands of the
deformation vibrations of the O-H bond in the
COH groups (1365 cr, the valence vibrations
of the C=C bond in the benzene ring of toluene-
sulfonyl groups (1490 ct), the characteristic
absorption bands of the valence vibrations of the
C=0 (1755 cni1) and C-Br bonds (680 ¢t of
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macroporous amorphous silica participate in the
complex formation with Cd (lI) ions. Increase of
affinity in the series adsorb-
ent 3 < adsorbent 4 < adsorbent 5 correlates with
chelating ligands ability [13].

The interaction off-cyclodextrin with cad-
mium () nitrate in a solution was studied to clar
fy the role of the inner cavity @-cyclodextrin in
the sorption of cadmium on organosilicas. The
electronic spectrum of cadmium (Il) nitrate solu-
tion contains a symmetric absorption band with
Jrex = 301 nm and: = 710 L mot* cm? which is
assigned tan — 7 transition of the N=O chro-
mophore in nitrate-ion [14]. Upon the addition of
certain amounts d-CD to a Cd(N@), solution,
the absorption band at 301 nm becomes asymmet-
ric and increases sharply in intensity
(¢ = 4000 L mot* cmi™?). Since p-CD does not
have characteristic absorption bands in the
UV region, such spectral changes of the absorp-
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tion band of chromophore N=O show the interac-
tion of NO;” ions with3-CD, namely, the forma-
tion of inclusion complex of "host—guest" type.

Composition of inclusion compound was de-
termined by equimolar series method. The ex-
perimental data plotted in coordinates of the
Benesi-Hildebrand equation [15] fall on a straight
line for the complex of 1:1 (Fig. 4)

(Cono,- 0) /D" = 1 /6" + 1/ (Ks O BC%-cp),
where C° isinitial concentration of reagents
(mol L™); D*is optical density of equilibrium so-
lutions, arbitrary units (arb. u.}?* is molar ex-
tinction coefficient of equilibrium solutions
(L mol™* cn™); K, is stability constant of the

complex (L mot)); | is thickness of absorbing
layer of analyzed solution (cm).
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Fig. 4. Dependence of spectral characteristics oENO
on amount o3-CD in aqueous solutions in co-
ordinates of the Benegitldebrand equation fi
inclusion compound of composition 1:1

The volume of inner cavity ¢f-CD molecule
IS Veaviypco = 0.262 Ny its  upper part is
Vs, cavityp-co = 0.156 nmy, the volume and diameter
of hydrated nitrate-ion aréyo,- = 0.153 nm and
d nos- = 0.67 nm, respectively [16]. Consequently,
the entry of the anion into the inner cavitye€D
is possible only through a wider edge, and loca-
tion of NO;” — in the top of3-CD torus. The sta-
bility constant of complex B-CD - NG " is
Ks=1425+70L mof. The reason for high
strength of formed inclusion complex is that the
volumes of hydrated anion and upper part of in-
ner cavity off-CD are virtually identical.

It has been found using chemical analysis that
the interaction product di-CD (or its bromine-
and sulfur-containing derivatives) with Cd(h®
contains not only nitrate-ions, but also’Cih the
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ratio [NO;]:[Cd*]=2:1. Hence, for p-CD-
containing silicas the molecular sorption of cad-
mium nitrate is observed. Chemical composition
of formed surface supramolecular compounds is
given in Table 3.

Table 3.Chemical composition of surface supra-
molecular structures

Functional groups of Chemical compo-

¥) - B-cyclodextrins sition of supra—
%5 type quantity molecular
3 structures
(elemental analysis)
3 aICOhOI 21 G2H70034’
Cd(NGy),
4 bromoacetyl 9 6sH110555:Bro
4 Cd(NQ),
5 thiosemicar- 9 CioH148055515N57
bazide -5 Cd(NQ),

The isotherms of cadmium (II) sorption for
adsorbents 3-5 were expressed in the coordinates
of the Freundlich and Langmuir equations [17,
18]. The experimental data are well fitted to lin-
ear form of the Freundlich equation for adsorp-
tion on heterogeneous surface (Fig. 5)

log aeq = l0g Ke + (1 /n) Oog Ce,

whereag is equilibrium sorption (mgQ); Keis
the Freundlich constant, sorption capacity () g
1/nis the Freundlich constant which character-
izes the sorption intensitye, is adsorbate equi-
librium concentration in a solution (mg.

log agg/mg - g*

5 4
0.0 A

J7

-0.8 4

-1.24

-1.6

4.4 4.0
log Ceg/mg - Lt

5.2 48
Fig. 5.1sotherms of Cdll) cations sorption in tr
Freundlich equation for adsorbents 3-5

The calculated Freundlich constants are given
in Table 4. The increase of the constdftsindn
in order adsorbent 3 < adsorbent 4 < adsorbent 5
is an evidence of rising contribution of side func-
tional groups of immobilize@-cyclodextrins to
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Cd?* sorption. Thus, the surface heterogeneity of

It can be explained by the passing of two par-

adsorbents 3-5 may be due to the presence of twoallel reactions with substantially various rates on

types of centers for sorption of Cd (Il) — the inne
cavity of immobilizedp-CD molecules and the
side alcohol, bromoacetyl, and thiosemicarbazide
groups (Fig. 1). It should be taken into accouat th
both Cd* and Cd(N@)" ions can be adsorbed.

Table 4. Freundlich isotherm constantsand K¢ for
cadmium (Il) cations sorption by-cyclo-
dextrin-containing silicas at 2¢°

Adsorbent n Ke,mg - gt R?
3 0.80 3.90+£0.23 0.99
4 1.00 4.30+0.26 0.99
5 1.25 5.50 £ 0.33 0.99

The Lagergren kinetic models [19] for
processes of pseudo-first order

IN (Beq —a;) = INAgq — kKt ,

wherea; andag are sorption (mg g at timet and
at equilibrium, respectively (mink, is rate con-
stant of sorption (mif),

and pseudo-second order

t/a=1/ K [he) +1/ eq,

wherek,is rate constant of sorptionieg min™),
were used for analysis of the kinetic curves of
Cd (Il) sorption. The kinetic curve (Fig. 6) for
adsorbent 3 is linear in the coordinates of the
equation for the processes of pseudo-second or-
der (the rate constant of sorption
k, = 0.312 + 0.019 - qng in™, the correlation
coefficientR? = 0.99).

t-a Yg-mg"-min"
30- & /g-mg

25+
20
154
104

5,

80 100 120 140
t/min

0 20 40 60

Fig. 6.Kinetic curve of Cdll) cations sorption in tt
Lagergren pseudo-second order equafion
adsorbent 3
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the surface of adsorbent 3. This is the interaction
of cadmium cations with inner cavity of chemi-
cally fixed B-CD molecules and its side alcohol
groups. This explanation seems to be quite rea-
sonable, since the amount of adsorbed cad-
mium (1) slightly exceeds the content of grafted
B-CD (Table 2, 3). In other words, Cd (Il) sorp-
tion occurs mainly with participation of inner
cavity of 3-CD.

Kinetic curves for adsorbents 4 and 5 (Fig. 7)
correspond to the model of the processes of
pseudo-first orderR = 0.99 andk, = 1.88 + 0.11
and 1.97 + 0.12 min, respectively).

In (agg=ap I min~"

1.8+
1.2+
0.6 1
0.0+

-0.6 1

‘1.2 T T T 1
0 10 20 30 40
tmin
Fig. 7.Kinetic curves of Cdll) cations sorption in tt
Lagergren pseudo-first order equation for ad-
sorbents 41) and 5 )

It agrees well with substantial increasing of
the complex formation ability of the bromoacetyl
and thiosemicarbazide substituents in comparison
with alcohol groups [20] (Table 3). Typical
changes of IR spectra of adsorbents 1-5 after
cadmium (Il) sorption confirm this conclusion.
Thus, the cadmium cations interact with side
functional groups offi-cyclodextrin chemically
grafted on the silica surface, and also with inner
cavity of B-CD (through N@) forming un-
charged supramolecular structures on the surface
of silica adsorbents. Chemical composition of
these supramolecular structures correlates with
polarizability of side groups ¢f-CD.

CONCLUSIONS

Interaction of Cd(NG), with p-CD in a solu-
tion and on the surface of highly disperse amor-
phous silicas chemically modified wifkrcyclo-
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dextrin or its bromine- and sulfur-containing
functional derivatives has been studied by use of
IR and UV spectroscopy, elemental and chemi-

cal analysis, and also adsorption measurements.

It has been shown that sorption of Cd (ll) fol-
lows the Freundlich isotherm for heterogeneous
surface. Analysis of sorption kinetic curves in
the framework of the Lagergren kinetic model
for the processes of pseudo-first and pseudo-
second order confirms that two parallel proc-
esses take place on the surface patyclo-
dextrin-containing silicas. It has been proved
that molecular sorption of Cd(NJ is attended
with the formation of supramolecular structures
on the surface ofp-CD-containing silicas.
Chemical composition of these structures corre-
lates with polarizability of functional groups of
B-cyclodextrins.
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ApcopOuiiiHi Ta KOMIJIEKCOYTBOPIOIOYi BJIACTHBOCTI KpeMHe3eMa,
MOAM(}iKOBAHOIO PB-UMKI0AEKCTPUHOM

J1.O. Beaskoa, O.M. llIBennp

Inemumym ximii nosepxui im. 0.0. Yyiika Hayionanvnoi akademii nayx Yrpainu
eyn. Ienepana Haymoea 17, 03164, Kuis, Yxpaina, belyakova@isc.gov.ua

Busueno copbyiio kxamionis xkaomiio (I1) na noeepxmni amopdnux maxponopucmux Kpemuesemie, XiMiuHo
Mooughikosanux f-yukio0excmpunom ma uoeo Qyuxkyionarvhumu noxionumu. Iloxazano, wo copbyis xao-
wmiro (1) sionosioac isomepmi @petinonixa 0aa cemepozennol nogepxui. Ananiz Kinemuynux Kpusux copoyii y
pamxkax Kinemuunoi mooeni Jlazepepena 011 peakyiii nceg0onepuiozo i ncegidoopy2020 NOPAOKy HOKA3YE, U0
HA NOGepxHi P-yuKI00eKCMPUHEMICHUX KpeMHe3eMie 8i00ysacmbcs 08a napaneivhi npoyecu. JJosedero, wo
icmommue 36inouienns copoyii nimpamy xaomiro (1) € pesyromamom opmysanns nesapsoxcenux cynpamo-
JNEKYIAPHUX CMPYKMYP HA NOBEPXHi KpeMmHe3emis, MOOUu@ikosanux f-yuxiooexcmpunamu. XiMiyHui ckiao
Yux — CYnpamonekyIApHUxX — CcmpyKmyp — KOpeawe 3 NOAApu3ayieio  QYHKYIOHANbHUX — 3AMICHUKIG
[-yuxnooexcmpunia.

AcopOIIMOHHBbIE H KOMILIEKCO00pa3ylolue CBOMCTBAa KpeMHe3emMa,
MOAH(UUIMPOBAHHOIO P-IMKJIOAEKCTPHHOM

J.A. BeasixoBa, A.H. llIBen

Hnemumym xumuu nosepxrnocmu um. A.A. Yyiiko Hayuonanwroii akademuu Hayk Yxpaunol
yn. ['enepana Haymosa 17, 03164, Kues, Yrkpauna, belyakova@isc.gov.ua

Hzyuena copbyus xamuonog kaomus (I1) na nosepxwocmu amopuwlx Makponopucmeix KpemHe3emos,
XUMUYECKU MOOUPUYUPOBAHHBIX B-YUKIOOEKCMPUHOM U €20 QYHKYUOHATbHBIMU Npou3eooHvimu. Iloxaszano,
umo copoyus kaomus (11) coomeemcmeyem uzomepme @petinoruxa O cemepo2eHHOU nogepxnocmu. Ananus
KUHEeTMUYeCKUX KPUBBIX COPOYULU 8 paMKax Kunemuieckou modeau Jlazepepena ons peaxyuil ncegdonepsozo u
ncegiomopo2o NOPAOKA NOKA3bIBAEM, YMO HA NOBEPXHOCMU P-YUKI0OEKCMPUHCOOEPHCAWUX KDPEMHE3EMO8
ocywecmensemcs 06a NApPALLIelbHbIX npoyeccd. JJokazano, 4mo cywecmeennoe yeeiuuenue copoyuu Hum-
pama xaomus (1) sersemes pesyromamom o6paz08anuUs HE3APANCCHHBIX CYRPAMOLCKYIAPHBIX CIMPYKMYP HA
NOBEPXHOCU KPEMHE3eMO8, MOOUPUYUPOBAHHBIX B-yukiodekcmpunamu. Xumuieckutl cocmag dmux cynpa-
MOJNICKVIAPHLIX — CIMPYKMYp — KOppeaupyem ¢ ROJAPUZYEMOCMbIO  (DYHKYUOHAIbHBIX — 3amecmumenci
S-yuxnoodexcmpunos.
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