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FUNCTIONAL b-CYCLODEXTRINS AS THE ACTIVE CENTRES ON THE SILICA

SURFACE FOR TOXIC IONS SORPTION

Nanoporousb-cyclodextrin-bonded silica, which differ by functional substituentsof thewideedge of attached
cyclic oligosaccharide molecules, were synthesized. The structure and chemical composition of the surface of
nanoporousorganosilicaswerefound. Sorption of mercury (I1), cadmium (11), and zinc (I1) from dilute acidic
nitrate solutions by nanoporous organosilicas was studied. Sorption results were analyzed using L agergren’s
kinetic mode and Langmuir and Freundlich models for equilibrium adsorption. The interpretation of in-
teraction features of mercury, cadmium and zinc nitrates with b-cyclodextrin-bonded silica was done accor-
ding to thetheory of hard and soft acids and bases.

INTRODUCTION. Heavy metalsand their com-
pounds as technological products of human activi-
ty are the main pollutants of the environment [1-3].
They are non-biodegradable toxic substances [3], so
the problem of itssorption extraction isgill relevant.
Another important task is to deveop methods of
express-analyss of heavy metal impurities in drin-
king and wastewaters, soils, biological fluids, aswell
asin food products of animal and vegetable origins,
medicines, cosmeticsand personal hygieneitems.

The problem of extraction of heavy metalsfrom
water and aqueous solutionswith organic and inor-
ganicion exchange materialsisonly partially solved,
becausetheéfficiency of ion exchangersissgnifican-
tly reduced with the decrease of toxic impurities
amounts [4-6)].

Adsorbents, whose action isbased on the com-
plexation process [7, 8] and molecular recognition
[9-12], can be promising for the extraction and che-
mical analysis of toxic metal impurities. These adsor-
bents, in addition to high sorption specificity, must
have the uniform chemical compostion of functio-
nal groups, the high kinetic parameters of sorption,
and, therefore, an extensive network of transport
pores, and also the texture, which does not swell in
water and organic solvents. High demandsare made
on the hydrolytic, thermal, bacterial and radiation
stability of sorption materials.

Disperse amorphous silica meet the above re-
quirements. In addition, they have a high reactivity
of thesurfacestes. Therefore, silicaiswidely used as
initial matrices in the synthesis of complex forma-
tion adsorbents[13-15]. Thisoffersgreat opportuni-
tiesfor directional design of various functional gro-
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ups and supramolecular structures with high speci-
ficity and sdectivity on the silica surface. For these
purposes, the chemical immobilization of functional
macro cyclic compounds, such ascrown ethers, cali-
xarenes, cyclodextrinsareincreasingly used [16-25].

Thispaper presentstheresultsof Hg(11), Cd(I1),
and Zn(l1) sorption on digperse silica chemically mo-
dified with b-cyclodextrins, which differ in chemical
nature of side functional groups of the wide edge of
cydlic oligosaccharide molecules.

EXPERIMENTAL PART. Nanoporoushighly dis
persesllca—slochromec 120 (Russa) with speci-
fic surface area of 133 m /g, and particlesize of 0.3—
0.5 mm wasused as garting material.

b-Cydodextrin (b-CD, from Fluka, purity 99 %),
(3-aminopropyl)-triethoxysilane, dimethylchlorosla-
ne, 4-toluenesulfonyl chloride and thiosemicarbazi-
de (from Merck, purity 99 %), were used without
additional purification. Toluene, pyridine and ace-
tone (all from Reakhim, pure analytical) were digtil-
led and dried for 72 h by use of activated 4 A mole-
cular sieves.

Chemical composition of the silica surface was
determined by demental analysis (Elemental Ana-
lyzer EA 1110), potentiometric titration (lonome-
ter 1-120.1), and also on chemisorption of dime-
thylchlorosilane[14].

Parameters of the porous gructure of starting
and modified dlicas were calculated from low-tem-
perature nitrogen ad-desorption isotherms measu-
red by Sorptometer K elvin 1042.

Infrared transmisson spectra of organoslicas
were registered in the frequency range 4000—500
cm ™+ using a Thermo Nicolet Nexus FT-IR spectro-
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photometer. The plates of ~30 mg each were com-
pacted under a pressure of 10 Pa for the recording
IR spectra.

UV absorption spectra of mercury, cadmium,
and zinc nitrate solutions, and nitric acid were re-
corded by use a spectrophotometer Specord M -40
in the wavelength range 220—350 nm.

Sorption of mercury (IT), cadmium (IT) and zinc
(I cations onto organosilicas depending on the ti-
me of contact and solution concentration was stu-
died from the 2.540°—4.040~ mol/L aqueous so-
lutions of corresponding nitrates at 22 °C under
gatic conditions by multibatch procedure. The
amount of Hg(Il) ionsin theinitial and equilibrium
solutions was analyzed by atomic absorption spec-
trometry using a Pye U nicam SP-9 spectrometer and
also by means of trilonometric back titration [26].
The amounts of Cd(IT) and Zn(Il) were determined
using xylenol orange as a reagent by the intensity
of absorption band at | ,,x 576 and 570 nm on a
Perkin—Elmer Lambda 35 spectrophotometer and
Specord M -40, respectively [27].

The relative content of various forms of mer-
cury (1), cadmium (I1) and zinc (11) ionsin a solu-
tion at pH 1-6 was calculated usng Chemical Equ-
ilibria in Aquatic System Software (was written by
Wilko Verweij, 1999—2006).

L agergren’skinetic models for the processes of
pseudo-first and pseudo-second orders were used
for analysis of the kinetic curves of Hg(l1), Cd(II)
and Zn(ll) sorption [28]. Integral form of Lager-
gren’s kinetic modd for pseudo-first order proces-
sesisexpressed by the equation:

In(aeq>at) = Inaeq— Kqt,
where g, and ay, are the adsorption at timet and at
the equilibrium state, mg/g; k; is the rate constant
of adsorption, /min.
The equation of Lagergren’s kinetic mode
for processes of pseudo-second order is given by:
t__ 1 1

& k2>a§q Agq
wherek, istheratecongtant of adsorption, g/mgsmin.
The results of equilibrium sorption of Hg(l1),
Cd(IT) and Zn(11) have been analyzed by use of equ-
ationsof Langmuir isotherm [29]:
C 1 1

i + - ,
dq KL an oo
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where Cg, is the equilibrium concentration of ad-
sorptive, mg/L; is the equilibrium adsorption,
mg/g; K, is Langmuir constant characterizing ad-
sorption energy, L/mg; a,,, isthe adsorption capacity
of monolayer, mg/g;

and Freundlich isotherm [30]:

1
lgagq = I9KE + E>Ceq,

where ag, is the equilibrium adsorption, mg/g;, Kg
isFreundlich constant (adsorption capacity), mg/g;
UnisFreundlich constant characterizing adsorption
intensity; C, istheequilibrium concentration of ad-
sorptive, mg/L.

Thesgparation factor R [28] was calculated by
the formula: 1

RL=—F—,
LT 14K G,

where Cy istheinitial concentration of the adsorp-
tive, mg/L; K| isLangmuir constant, L/mg.
RESULTS AND DISCUSSION. Starting slica
material (silochrome) before chemical modification
was heated in air at 400 °C for 2 h to remove impu-
rities of organic compounds and adsorbed water.
Concentration of free silanol groups on the surface
of preheated silicawas 0.4 mmol/g.
Aminopropylsilicawas prepared by reaction of
dectrophilic subgtitution between silanol groups of
dlicasurfaceand ethoxy groupsof (3-aminopropyl)-
triethoxysilane. Silica was placed into a three-nec-
ked reactor supplied with a girrer and a reflux con-
denser, was suspended in a small amount of tolue-
ne at room temperature for 40 min, then (3-amino-
propyl)-triethoxyslane was added. Thereaction mix-
turewasstirred at 110 °C for 6 h. Then the solid pha-
se was washed on a porous glass filter with toluene
until the absence of silane (absence of a violet color
on addition of ninhydrin), then with acetone, distil-
led water (for hydrolyss of the ether groups), and
again with acetone. Obtained aminopropylsilicawas
dried in theair at 150 °C during 6 h. The concentrati-
on of aminopropyl groups equals 0.4 mmol/g. The
resulting organosilica was used for chemical graf-
ting of b-cyclodextrin and itsfunctional derivatives.
M ono-toluenesulfonyl-b-cyclodextrin was syn-
thesized as described in [31]. Chemical immobiliza-
tion of mono-toluenesulfonyl-b-cyclodextrin was
realized by the reaction of eectrophilic substitution
between amino groupsof aminopropylsilica and to-
luenesulfonyl groups of functional b-cyclodextrin.
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Fig. 1. Synthesis of b-CG-containing organosilicas.

Threetime excess of mono-tosyl-b-cyclodextrin
was added to the suspension of aminopropylsilicain
dried pyridine and kept at 60 °C for 96 h in the
presence of triethylamine asa catalyst. Then modi-
fied dlica was washed with pyridine and acetone.
Theconcentration of grafted b-CD groupsonto sili-
casurfaceis0.02 mmol/g (b-CD-1-SO,).

In a smilar way organosilica chemically modi-
fied with bromoacetyl-b-cyclodextrin was prepared.
The concentration of grafted b-CD groupsonto sili-
casurfaceis0.01 mmol/g (b-CD-2-SO,).

The replacement of bromoacetyl groups of
chemically attached b-CD for thiosemicarbazido-
acetyl groups was realized under conditions of op-
timal running of surface reaction of nucleophilic
subgtitution. The chemical reaction takes place at
110 °C; a solvent isdried toluene reaction time is
6 h. The converson degree of bromoacetyl groups
to thiosemicarbazidoacetyl groups (b-CD-3-SO,)
is100 % (fig. 1).
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The course of chemical reactions on the silica
surface was proved by chemical analysis of thereac-
tion products. The demental and chemical analyss,
potentiometrictitration, data of IR spectroscopy, ther-
mogravimetry, and the low-temperature nitrogen
ad-desorption were used to determine the chemical
composition and structure of the surface layer of
b-CD-bonded silicas and their structural and sorp-
tion parameters(table 1).

Chemical modification of surface of the star-
ting silica with b-cyclodextrin and its functional de-
rivatives causesregular decreasein the specific surfa-
ce (by 26-32 %), sorption volume (by 2548 %) and
diameter (by 37—63 %) of pores. Neverthelessb-CD-
bonded slicasremain highly disperse materialswith
nanosized pores (table 1). Therefore, it can be sup-
posed that the sorption of mercury (1), cadmium
(1), and zinc (11) onto b-CD-bonded slicas will not
be complicated by inner diffusion.

In the acidic range in nitrate solutions Hg(I 1)
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Table 1

Chemical composition of surface layer and structural characteristics of synthesized organosilicas

- Elemental composition of organosilica surface layer, %| ¢« 5 3
Organosilica mmof/g S, mg | V,cm’/g d, nm
W] c | n | B | s
Initial SiO, 0.40 133 0.80 46
b-CD-1-Si0, 0.40 1.60 0.40 — — 0.02 98 0.58 29
b-CD-2-Si0, 0.60 2.20 0.40 0.70 0.20 0.01 95 0.50 24
b-CD-3-Si0, 0.65 2.20 0.80 — 0.50 0.01 90 0.42 17

* C — concentration of functional groups, S — spedific surface V — summary volume of pores d — average diameter of pores.
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Fig. 2. Digtribution curves of Zn?*, Cd?*, Hg?*, Cd(NOy*
and Hg(OH)" formsin 0.1 mol/L aqueous nitrate solutions
as a function of pH (curves 1-5, repectively).

exists mostly in the form of Hg?", Cd(11) — asCd**
and Cd(NOy)*, and Zn(11) — asZn*" (fig. 2).
Sorption equilibrium on the b-CD-dlicas is
reached already for 1-2 h of the contact with solu-
tions of mercury, cadmium or zinc nitrates (fig. 3).
The molar ratio of [metal]: [b-CD] is varied for
mercury from 5to 14, for cadmium from 1to 5 and
for zinc from 7 to 14. Sorption potential centresare
functional groups of grafted b-CD molecules(fig. 1,
table 2), theinner cavity of the cyclic oligosacchari-
de and residual aminopropyl groups of silica surfa-
ce. However, aminopropyl groupsof dlicado not ab-
sorb mercury, cadmium or zinc cations under expe-
rimental conditions, and after the chemical immobi-
lization of b-CDsthey make no contribution to the
dectrical conductivity of the surface of organosili-
cas aswel asthe primary alcohol groups of the nar-
row edge of the grafted molecules of oligosacchari-
des. Thus, the real centres of heavy metals sorption
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SO,—b-CD-3-S O, (curves 1-3, respectively).
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Table 2

Surface structure of functional b-cyclodextrin-contai-
ning silicas

Functional groups of wide edge
of grafted b-CD molecules

Organosilica
Type Number
b-CD-1-SiO, Secondary alcohol groups 14
b-CD-2-SiO, Secondary alcohol 5
Bromoacetyl groups 9
b-CD-3-S 0O, Secondary alcohol 5
Thiosemicarbazidoacetyl 9
groups
D, au
0.8
0.6
0.4+ a
4 7
02—&
0.0 T r T T
260 280 300 320 340
0.15
0.12
0.09
0.06
0.03
0.00 T T T T |
260 280 300 320 340 A, nm

can be only the internal cavity of grafted b-CDs
and dde functional groups of wide edge of their to-
rus-shaped molecules.

Symmetric absorption band with | = 302 nm
and e =294 L /mol>xxm, which belongsto then® p*
chromophore trangition for N=0 [32] in the nitrate-
anion, is present in the dectronic spectra of aqueous
solutions of mercury, cadmium, and zinc nitrates,
and nitricacid also (fig. 4). Theabsorption band with
I max=302 nm becomes asymmetric and its intengty
increases dramatically (e =3100 L/molem) after ad-
ding b-CD, which has no characterigic absorption
bands in the UV region. The content of nitrate-ani-
ons in equilibrium solutions decreases. Thisfact to-
gether with spectral changesof thechromophoreN=0

D, au.
0.8+

0.64

w

2
360 A, nm

0.0 T T T T
260 280 300 320 340

Fig. 4. UV absorption spectra of aqueous solutions of mercury (a), cadmlum (b), zinc (c) nitrates and nitric acid
(d), and also their binary solutions with b-cyclodextrin. a — 0.240™% M Hg(NOg), solution (1), and bmary
solutions with molar ratio [b-CD]:[NO3;]=9:1 (2), 8:2 (3), 1.1 (4), 46 (5), 1:9 (6), 0595 (7); b — 1.0403M
Cd(NOy), solution (1), and binary solutions with molar ratio [b-CD]:[NOs-]=20:1 (2), 12:1 (3), 7.5:1 (4), 5:1 (5),
1:0.3 (6), 1:0.5 (7), 1:0.8 (8), 1.81 (9); ¢ — 1.040°3M Zn(NOy), solution (1), and binary solutlons with molar
ratio [b-CDJNOg ]=1:1 (2), 1:2 (3), 16 (4), 23 (5), 1'5 (6), 1:8 (7), 1:9 (8); d — 12.540°M b-CD solution
(1), 140 M HN O3 solution (2), and binary solutions with molar ratio [b-CD]:[NO3;]=1:6 (3), 2:1 (4), 1.1 (5).
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Fig. 5. Dependence of spectral characteristics of nitrate-anion on amount of b-cyclodextrin in aqueous solutions
of mercury (a), cadmium (b), zinc (c) nitrates and nitric acid (d) in the coordinates of Beneshi—Hildebrand equation

for inclusion complex of 1:1.

absorption band indicates interaction of NO3™ with
b-CD, namdy theformation of the* hos—guest” com-
plexes in binary solutions containing b-cydodext-
rin and nitrates (or nitric acid). The compostion of
formed incluson complexes was determined by iso-
molar seriesmethod.

The experimental points in all cases lie on a
graight line in the coordinates of Beneshi—Hildeb-
rand equation [33] for “b-cyclodextrin—nitrate-
anion” complex of 1:1 (fig. 5), and stability cons-
tantshave similar values (Kg =1000—1425 L /mol).

The formation of incluson complexes, appa-
rently, will also occur, for b-CD and its functional
derivativesgrafted onto slica surface, sncethewide
edge of grafted b-CD molecules remains accessible
for solution components (fig. 1). It was found that
aurfaceinclusion complexesof the* host—guest” type
with 1:1 are formed by the entry of hydrated nitra-
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te-anion into the inner cavity through the wide ed-
ge of the molecule of cyclic oligosaccharide and in-
teraction between hydrated nitrate-anion and pira-
noseoxygen of theb-CD molecule, and also geomet-
ric complementarity: the volumes of upper part of
inner cavity of b-CD (Vi.cp cavity = 0.156 nm’) and of
hydrated nitrate-anion (VNO3' = 0.153 nm3) are al-
mog identical (fig. 6). This greatly complicates the
sorption of heavy metals cations in the cavity of
grafted b-CD molecules.

In addition, according to the data of chemical
and demental analyss, the decrease of NO3 ™ quan-
tity in solutions of mercury (or cadmium, or zing
nitrates after contact with b-CD-bonded slicas is
twicethat amount of adsorbed cations. Thisisproof
of equivalent sorption of mercury (1), cadmium (I1),
zinc (1) and nitrate-anions. Thus, theinternal cavity
of grafted molecules of cyclic oligosaccharidesisnot
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Fig. 6. Inclusion complexes of the “host—guest”
type with 1:1.

involved in adsorption of mercury (or cadmium, or
zinc) cations for steric reasons, and the only centres
of their sorption are the side functional groups of
wide edge of b-CD molecules.

In the analysis of the kinetic curves of mercury
(1), cadmium (1), and zinc (11) sorption was used
Lagergren’smodel for processes of pseudo-first and
pseudo-second orders [28]. Lagergren’s modd for
reactions of pseudo-first order describes well the
sorption processes in which the adsorbate interacts
with the surface active dtes having the same chemi-
cal compostion and structure. The model of pseu-
do-second order is more complex and suggests the
implementation of paralld or successive processes
with various rates, including adsorption on active
sites of variable composition and structure.

Thekinetic curve of mercury (11) sorption onto
dlica b-CD-1-SIO, is wdl fitted to linear form of
L agergren equation for pseudo-first order processes,
but for cadmium (I1) it corresponds to reaction of
pseudo-second order. The sorption of Hg(Il) onto
dlicas b-CD-2-SO, and b-CD-3-SO, fits to pseu-
do-second order processes modd, whereas for
Cd(Il) it obeys Lagergren equation for pseudo-first
order reactions (table 3, fig. 7). Kinetic curves of
Zn(11) sorption for the b-CD-1-SO, and b-CD-3-
SO, have pseudo-first order and pseudo-second
order for b-CD-2-S0O,. The rate congants of sorp-
tion of Hg (I1), Cd(l1) and Zn(ll) have been calcu-
lated (table 3). Thus, the pseudo-firs order of ki-
netic curves indicates that the sorption of one type
of cationstakes place on single type of surface ac-
tive stes of b-CD-bonded slicas or on different na-
ture centres, but with invisible rates of processes.
Pseudo-second order of kinetic sorption curves cor-
responds to absorption of various cations (as for
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cadmium) on single type of sorption centres, or
sorption of a variety of cations on different centres
of organodlica surface with dgnificantly various
rates. Asit isseen from table 3, the kinetic processes
of mercury (I1), cadmium (1), and zinc (1) sorption
depends on the chemical nature of cations being
adsorbed and functional subgtituents in the mole-
culesof grafted b-cyclodextrins. Thus, b-CD-1-SO,
hason the surfacethe only type of active stes—the
secondary alcohol groups of wide edge of b-CD
molecules contributing to mercury (11), cadmium (1)
and zinc (11) sorption.

The pseudo-second order of reaction for cad-
mium (1) indicates that sorption of mono- and bi-
valent cadmium cations proceeds with disinguis-
hable rates under experimental conditions. The pse-
udo-second order of reaction for mercury (I1) sor-
ption onto b-CD-2-SO, and b-CD-3-SO, is ex-
plained by the presence of two types of active s-
tes, namely, bromoacetyl (or thiosemicarbazido-
acetyl) groups and residual secondary alcohol gro-
ups (fig. 1). Askinetic curvesof Zn(l1) sorption for
the b-CD-1-S0O, and b-CD-3-SO, have pseudo-
firg order, the secondary alcohols are the sorption
centres of zinc (I1) for b-CD-1-SiO,, and the secon-
dary alcohol and thiosemicarbazidoacetyl groups
—for b-CD-3-SO,, as sorption on these centres ha-
ve similar kinetic parameters. Kinetic curve of Zn
(I1) sorption in the case of b-CD-2-SiO, has pseu-

Table 3

Rate constants of mercury (I1), cadmium (1) and zinc
(I1) sorption for processes of pseudo-first (k1) and
pseudo-second (ky) orders

Organosilica | k;, 1/min Rl2 K5, g/mgxnin R22
Ho(ll)

b-CD-1-Si0, 5903 0.92

b-CD-2-S0, 0.020+0.001 0.79

b-CD-3-Si0, 0.016 £ 0.001 0.98
Ccd(l)

b-CD-1-Si0, 0.31+£0.02 0.99

b-CD-2-S0, 1901 0.99

b-CD-3-SI0, 20+0.1 0.99
zn(l1)

b-CD-1-Si0, 0.018+0.001 0.99

b-CD-2-Si0, 0.055+0.003 0.99

b-CD-3-SiO, 0.049+0.003 0.98
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Fig. 7. Kinetic curves of mercury (m), cadmium (0),
and zinc (D) sorption on silicas b-CD-1-SiO,—b-CD -3-
SiO, (lines 1-3, respectively) in coordinates of Lager-
gren equations for processes of pseudo-first (a) and
pseudo-second (b) orders.

do-second order and sorption of zinc(l1) takes
place with participation of the secondary alcohol
and thiosemicarbazidoacetyl groups.

The results of equilibrium sorption study are
presented in fig. 8. The silicas modified with b-CD
and its functional derivatives adsorb mercury (1),
cadmium (I1) and zinc (1) already at low concent-
rationsin a solution. M oreover, the sorption capa-
city of b-CD-bonded slicas exceeds the amount of
chemically attached b-CD moleculesin several times
(table 1). It islogical to assumethat sorption ability
of synthesized organosilicas depends on the structu-
re of chemically grafted b-CD molecules, which are
the centresfor Hg(l1), Cd(I1), and Zn(Il) sorption.

The participation of sde functional groups of
grafted b-CDs molecules in sorption of Hg(Il), Cd

ISSN 0041-6045. YKP. XUM. XKYPH. 2013. T. 79, Ne 11

(1) and Zn(11) is confirmed by the IR spectroscopy
results the low-frequency shift (or disappearance) of
characterigic absorption bands of functional groups
of the wide edge of b-CD and its derivatives is ob-
served after cations sorption (table 4).

e mmol Hg2+/mmol functional groups
14

3
12 2
10
8- 2
1
64
.Y
44
a
24
L) T T T T T L} L]
0.0 01 02 0.3 0.4

8gq, mmol Cd**/mmol functional groups

T T T T T T 1

0.0 0.1 02 0.3

%eq» mmol Zn2+/mmol functional groups
18 1

T T T T T T 1

, mol/L

Fig. 8. Isotherms of mercury (I1) (a), cadmium (I1) (b) and
zinc (1) (c) sorption on b-cyclodextrin-containing silicas.
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Table 4

Characteristic absorption bands of IR spectra (cm_l) for organosilicas before and after mercury (11), cad-

mium (I1) and zinc (I1) sorption

Organosilica Before sorption After cation sorption
b-CD-1-SiO, 3380, 1590 n,(N-H), d(N-H) — primary amino 3380, 1525 n,(N-H), d(N-H) — primary amino
groups groups
1490 d(N-H) — secondary amino groups
3290 n(O-H) — secondary alcohol gro- 3290 n(O-H) — secondary alcohol groups
ups of b-CD of b-CD
2950, 2880, n,(C-H), n(C-H), d(CH) — methy- 2950, 1380 n,(C—H),d(C—H) — methylene groups
1460 lene groups
b-CD-2-SiO, 3380, 1540 n,(N-H), d(N-H) — primary amino 3380, 1530 n_(N-H), d(N-H) — primary amino
groups groups
1490 d(N-H) — secondary amino groups 1490 d(N-H) — secondary amino groups
3290 n(O-H) — secondary alcohol groups
of b-CD
2965, 2880, n,(C-H), n(C-H), d(C-H) — methyle- 2965, 2880 n,(C—H), n(C-H) — methylene groups
1455 ne groups
1755 n(C=0) — bromoacetyl groups
680 n(C-Br) — bromoacetyl groups
b-CD-3-Si0, 2970, 2880, n,(C-H), n(C-H), d(CH) — methyle- 2970, 2880 n,(C-H), n(C—H) — methylene groups
1455 ne groups
1540 d(N-H) — primary amino groups 1520 d(N-H) — primary amino groups
1470 n(-N—-C-N-) — thiosemicarbazidoace-
tyl groups
1435 n(C=9) — thiosemicarbazidoacetyl groups

Sorption isotherms of mercury (11) on the syn-
thesized b-CD-bonded silicas are well described by
Langmuir equation (fig. 9) for monolayer adsorp-
tion on localized stes of energetically uniform sur-
face [29] throughout the studied concentration ran-
ge. For cadmium (11) the experimental data are well
approximated in the coordinates of Freundlich equ-
ation (fig. 10) for sorption on heterogeneous surface
[30]. Theequilibrium sorption of Zn(l1) onto b-CD-
1-SO, and b-CD-3-S O, is wdl described by equa-
tion of Langmuir adsorption (fig. 11, a) and for b-
CD-2-S O, by Freundlich equation (fig. 11, b).

The" surface heterogendty” of syntheszed b-cyc-
lodextrin-containing silicas for cadmium (I1) sorp-
tion and its “homogeneity” for mercury (I1) sorpti-
on are due to the fact that mercury (11) is adsorbed
as bivalent catlons only, Whereas cadmium (I1) —
in form of Cd®* and Cd(NOy)" ions simultaneous-
ly. Sorption of Zn?" on b-CD-1- SO, isdescribed by
Langmuir isotherm as organosilica contains the on-
ly type of sorption active centres — the seconda-
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ry alcohol groups of chemically attached b-CD
molecules(table 5). For b-CD-2-SO, adsorption of
zinc (I1) is described by Freundlich equation, and
"heterogeneous surface” is due to the presence of
two types of stes (bromoacetyl and secondary al-
cohol groups) on the surface of this organosilicain
which the rates of Zn(l11) sorption, apparently, are
esentially different. And finally, zinc (11) sorption
on b-CD-3-SiO, is described by Langmuir iso-
therm. Thisindicatesthat therate of sorption on the
secondary alcohol and thiosemicarbazidoacetyl gro-
upsarealmost identical.

b-CD-bonded silicascan bearranged in thefol-
lowing series with sorption capacity to mercury (I1)
and cadmium (I1): b-CD-1-S O, < b-CD-2-S O, <
b-CD-3-SiO,, but for znc(ll): b-CD-1-S0O, <
bCD-3-SIO, < b-CD-2-Si0,. Theseresultsare con-
sgtent with those of the chemical and elemental
analysis of supramolecular compounds formed on
the organosilicas surface (table 6).

b-Cyclodextrin has 14 sde secondary alcohol
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Fig. 9. Isotherms of mercury (II) sorption on b-CD-1-SO,
—b-CD-3-Si0,, (in coordinates of Langmuir equation).
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Fig. 10. Isotherms of cadmium (II) sorption on b-CD-1-SO2
—b-CD-3-SIO2 (in coordinates of Freundlich equation).

groups placed on the wide edge of its toroidal mo-
lecule [34]. The ratio [Hg(I1)] : [b-CD] (table 6) re-
aching to 14 for b-CD-3-SiO, is proof that mercu-
ry cations sorption takes place not only on thiose-
micarbazidoacetyl (or bromoacetyl) active centres,
but also on residual secondary alcohol groups. The
same goes for the sorption of cadmium cations.
However, cadmium (11) is adsorbed much less mer-
cury (I1). Themolar ratio [Cd(I1)] : [b-CD] equals1,
4 and 5, correspondingly. The ratio [Zn(I1)] : [b-
CD] (table 6) reaching to 14 for b-CD-2-S O, is
proof that zinc cations sorption takes place on re-
sidual secondary alcohol groups and bromoacetyl
groups. The ratio of [Zn(II)]: [b-CD] =10 for b-

ISSN 0041-6045. YKP. XUM. XKYPH. 2013. T. 79, Ne 11

CD-3-SI0, confirms participation in sorption not
only secondary alcohols, but also thiosemicarbazi-
doacetyl groups. However, b-CD-2-S O, hasthe hig-
hest sorption capacity with respect to zinc (11). The-
seresults can be explained in terms of the theory of
hard and soft acids and bases.

According to thetheory of hard and soft acids
and bases[35—37], the cations of mercury and cad-
mium are* soft” acids, and Hg2+ is“ softer” acid than
cd* [35]. Divalent cation of zinc is intermediate
in a series of acids by Pearson theory. “ Soft” acids
form, asarule, strong complexeswith “ soft” bases
[35—37], whereas“ hard” acidswith “hard” bases.
Thecentresof mercury (I1), cadmium (11) and zinc
(I1) sorption on surface of synthesized organosi-
licas are grafted molecules of cyclic oligosaccha-
ride which differ by chemical nature of side func-
tional groups. The “softness’ of side functional

C /aeq’ gL

L] T L) T Ll T T T LI
0 10 20 30 40 Ceq’ mg/L
Iga
e
1.1 1 7
2
1.0 4
0.9 4
0.8 -
1.0 12 14 1.6 lgCeq

Fig. 11. Isotherms of zinc (II) sorption on b-CD-1-SO,
and b-CD-3-SO, (a) and b-CD-2-SO, (b) — lines 1, 3
and 2 — in coordinates of Langmuir and Freundlich
equations, respectively.
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Table 5

Langmuir and Freundlich parameters for mercury (I1), cadmium (II) and zinc (I1) sorption

on b-cyclodextrin-containing silicas

Ele N Langmuir isotherm Freundlich isotherm
ments Organosilica , 5
a,,, mg/g K., L/mg R, R Ke mg/g 1/n R
Hg(ll) b-CD-1-S0, 34+2 14400 + 700 0.65 +0.03 0.99
b-CD-2-SO, 12.6 £ 0.6 18800 + 900 0.67 £ 0.03 0.99
b-CD-3-SO, 2+1 330000 + 10000 05+0.2 0.99
Cd(ll) b-CD-1-SO, 39+0.2 0.80 0.99
b-CD-2-S 0, 43+0.3 1.00 0.99
b-CD-3-S 0O, 55+0.3 1.25 0.99
Zn(ll) b-CD-1-S 0O, 0.22+0.01 41+2 0.24+0.01 0.99
b-CD-2-S 0O, 40+0.2 244 0.98
b-CD-3-SO, 0.15+0.01 11.2+0.7 0.55+0.03 0.99
Table 6

Chemical composition of surface supramolecular structures after sorption of mercury (I1), cadmium (11)
and zinc (I1) nitrates on b-cyclodextrin-containing silicas

Organosilica Hg(ll) Cd(ln) Zn(l1)
b-CD-1-Si0, C oH7005,5H(NO,), C,,H7005,Cd(NOy), C oH7005,7Zn(NOy),
b-CD-2-Si0, CggH 1120535Bry8H9(NO,), CggH 11,05;5:Br44Cd(NO,), CggH 11505554Br444Zn(N0O,),
b-CD-3-S0;  Cy57H 14505551sN 724HI(NOy),  Cyp7H 146055515N ,78CA(NO3),  Cp7H 140535;5N ,,20Zn(NOy),

groups of the wide edge of b-CDsincreasesin or-
der: secondary alcohol < bromoacetyl < thiosemi-
carbazidoacetyl groups. Thus, it can be supposed
that “ soft” cationsof mercury (11) and cadmium (I1)
will be forming preferably strong complexes with
bromoacetyl and thiosemicarbazidoacetyl side gro-
ups (“soft” bases) of grafted oligosaccharide mole-
cules, while more "hard" cations of zinc (I1) will
form complexes preferably with the secondary al-
cohol groups and, possibly, with bromoacetyl gro-
ups. This is indeed observed in the experiment.
From thetheory of hard and soft acidsand basesthe
contribution of inner cavity of b-CD molecules,
occupied by “hard” nitrate-anion [36], to Hg(l1), Cd
(I and Zn(I1) sorption seems hardly probable. Ni-
trate-anion ("hard" base) forms strong inclusion
complexes with b-CD cavity not only because of
the geometric complementarity, but also to a large
extent due to the presence of oxygen-containing
fragments of "hard" acids in the glycosdic rings.
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Most likely, the dectroneutrality of inner cavity of
b-CD, blocked by nitrate-anions, will be achieved by
the interaction with “hard” acid, for example, with
protonsof nitricacid. Proton concentration in acidic
solutions is significantly higher than that of mer-
cury, cadmium or zinc cations.

CONCLUSIONS. Nanoporous b-CD-bonded
slicas, which are various functional substituents of
thewide edge of attached cyclic oligosaccharide mo-
lecules, have been synthesized.

Sorption of mercury (11), cadmium (1) and
zinc (1) from agueous solutions of corresponding
nitrates has been sudied. It has been proved that
the equimolar nitrate-anions uptake takes place s-
multaneoudy with sorption of mercury, cadmium
and zinc cationsonto surface of organoslicas.

Active surface centres of b-CD-bonded silicas,
which are responsible for Hg?*, Cd**, Cd(NOy)",
zZn** and N O3 sorption, have been ascertained. The
formation of surface supramolecular sructures
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(super molecules), which chemical compostion
depends on the nature of cations being adsorbed
and functional subgtituents in the molecules of
attached b-CDs, has been recognized.

Based on thedata of spectral, chemical, elemen-
tal and thermogravimetric analysis of organosilicas
beforeand after mercury (11), cadmium (11) and zinc
(I sorption, and the processing of the sorption
results using Langmuir, Freundlich and Lagergren
models the assgnment of peculiarities of interacti-
on of mercury, cadmium or zinc nitrates with func-
tional nanoporoussilicas has been given.

The reaults obtained for the sorption of mer-
cury (11), cadmium (11) and zinc (I1) on the surface
of nanoporous b-CD-bonded slicas with different
functional subgtituents can predict its effectiveness
for extraction from water, concentration and ex-
press-analysis of other metal ions, such as lead,
chromium, arsenic, copper, nickel and cobalt.

PE3IOME. Cunre30BaH0 HaHOMOPHUCTI b-1iukimo mek-
CTPHHBMICHI KpEMHE3eMH, SKi BIIPI3HAIOTHCS (HYHKITIOHA-
JBHUMH 3aMICHUKaMH IIHPOKOT0 KParo 3aKPilIeHnX MO-
JIeKyJT LMKITIYHHX OJTirocaxapuiB. BeraHOBIEHO CTpyKTY-
py Ta XiIMIYHUIA CKJIaJ] TOBEPXHI HAHOIIOPUCTUX OPTaHO-
KpemHe3eMiB. Busueno cop6iiiro pryti (1), kaamito (11) Ta
uHKy (I1) 3 po3BeeHnX KUCIUX HITPATHUX PO3YHHIB Ha-
HOMOPHUCTHMU OpraHOKpeMHe3eMaMu. PesynbraTn copo-
il MpoaHaTi30BaHO 3 BUKOPHCTaHHSAM KIHETUYHOI MOie-
ni Jlareprpena Ta Mozernel piBHOBaXKHOT agcopoOii JIeHr-
Miopa 1 @peitamrixa. OcobnmmuBOCTI B3a€MOii HITpPATIB
PTYTi, KaaMil0 Ta MUHKY 3 MHUKJIOIEKCTPHHBMICHUMU
KpeMHe3eMaMH IHTepIpeToBaHi 3 MO3MUIli Teopii TBep-
IMX 1 M'KUX KHCIOT T4 OCHOB.

PE3IOME. Cunte3upoBaHbl HAHOMOPHUCThIE D-111K-
JIOIEKCTPHUHCOIEpKAIINE KPEMHE3EMbI, OTINYAIOIINECS
(YHKIIMOHATBHBIMHM 3aMECTHTENSIMH MIUPOKOTO Kpas
XMMUYECKU MPUBUTHIX MOJIEKYNT IUKJINYECKUX OJMroca-
XapuI0B. YCTAaHOBIEHA CTPYKTYpa U XMMUYECKUH COCTaB
MOBEPXHOCTU HAHOMOPUCTBIX OpTaHOKpeMHe3eMoB. M 3y-
yena cop6ums pryru (1), kagmus (1) u uuaka (1) u3
pa30aBIEHHBIX KUCIBIX HUTPATHBIX PACTBOPOB HAHOIIO-
PHUCTBIMH OpraHOKpeMHe3eMaMu. Pe3ynpTaTel copOium
MIPOAHAIN3UPOBAHBl C UCIONb30BAHUEM KHHETHYECKOU
Mozenu JlareprpeHa W Mojened paBHOBECHOW aJncopo-
uun Jlenrmiopa n ®@peitaamnxa. OcoOEHHOCTH B3aUMO-
JIEMCTBUSI HUTPATOB PTYTH, KaJMHUSA U LIUHKA C LUKJIO-
JIEKCTPUHCOACpKAIIUMU KpEMHE3eMaMHi HHTEpIpeTH-
POBaHBI C MO3UIUHA TEOPUH TBEPIBIX U MATKUX KHUCIOT
U OCHOBaHUII.
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