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Conditions of a single-stage chemical binding of 8-hydroxyquinoline molecules to the
surface of inorganic matrix using of the Mannich aminomethylation reaction and adsorp-
tion properties of so obtained chemically modified silica with respect to ions of toxic
metals have been studied. The synthetic method provides a high concentration and a
homogeneous distribution of complexing groups over the surface, and the adsorbent
obtained displays a high capacity to some environmentally toxic metals (>2 mmol/g) and
satisfactory adsorption kinetic properties, thus making it possible to use the adsorbent for
the ion preconcentration both in static and dynamic modes. The structure studies of toxic
metal complexes with 8-hydroxyquinoline immobilized at silica surface by ESR and IR
spectroscopy testify that the metal ions are co-ordinated with bound ligand through
nitrogen and oxygen atoms.

WccaemoBaHbl yCaOBUsSI OJHOCTAAUMHOIO METOLA XMMHUYECKOIO 3aKPEIlJIEHUS MOJEKY.JI
8-0OKCHXMHOJUHA IIyTeM OCYIIECTBJEHWUS B IIOBEPXHOCTHOM CJIO€ HEOPraHHMYEeCKOM MaTPUIILI
peaknuyu aMUHOMeTHJNPOoBaHus MaHHMXA U aJCOPOIMOHHBIE CBOMCTBA IIOJYUYEHHOI'O XHMU-
yeCKr MOIMMUIMPOBAHHOIO KpPEeMHE3éMa II0 OTHOIIEHHI0 K HMOHAM TOKCHUYHBIX METAJIJIOB.
Meton cunTe3a obecrieunBaeT PaBHOMEDHOE PACIIPe/eieHre U BBICOKYIO KOHIIEHTPAIUIO KOM-
IJIEKCOOOPAa3yIoIX I'PYIIII HA IIOBEPXHOCTH, a IIOJYyYEHHBI COPOEHT MMeeT BBICOKYIO CO-
POIMOHHYIO0 €eMKOCTDb II0 OTHOIIEHUIO K OOJIBIMIMHCTBY TOKCHYHBIX METAJJIOB (>2 MMOJbL/T) U
XOpOoIllne KUHEeTHYEeCKHE XAPAKTEePHCTHUKH, UYTO II0O3BOJSET HCIIOJIb30BATh AaNCOPOEHT MIJis
IIPEIKOHIEHTPUPOBAHNSA MOHOB KaK B CTATUYECKOM, TaK M B IMHAMHYECKOM pexxmume. Vccie-
IOBAHUS CTPOEHUS KOMILIEKCOB TOKCHUYHBIX METAJJIOB C MMMOOMJIM30BAHHBIM Ha IIOBEPXHOC-
™1 KpemHeseMa 8-oxcuxuuoganHOM Merogamu IIIP u MK-cuekTpocKonuy CBUAETEIbCTBYIOT O
KOOPAMHAIINY MOHOB METAJJIOB C 3aKPEIlIEHHBIM JHUTaHIOM Yepes3 aTOMBI a30Ta U KHUCJIOPOa.
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8-Hydroxyquinoline (oxine) forms mo-
lecular complexes with almost all transition
metals, but the complex formation reactions
run best with ions of toxic elements such as
aluminium(III), zine(Il), lead(Il), copper(Il),
bismuth(III), tin(IV), chromium(III, VI), ar-
senic(V), molybdenum(V, IV), and others.
The oxine molecules bound to the carrier
(polymers, silicas, metal oxides) surfaces re-
tain their complexing ability with respect to
metal ions. Such immobilized reagents are
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used successfully for concentration and
separation of metal ions from aqueous solu-
tions [1-6]. The oxine-containing polymer
resins are characterized by a significant
sorption capacity and a high efficiency of
water purification. However, such polymer
adsorbents also have drawbacks such as a
high swelling and low sorption rate. In con-
trast, silica matrices with immobilized 8-hy-
droxyquinoline exhibit good kinetic proper-
ties but a lower sorption capacity. During
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the immobilization procedure, it is of im-
portance to retain the properties of the re-
agent complexing groups. That is why be-
ginning from the first work by Hill [7], the
8-hydroxyquinoline was bound to the sur-
face using the azo-coupling reaction (intro-
ducing amino-containing aromatic com-
pounds, diazotization, and azo-coupling).
That multi-stage process results in a hetero-
geneous modifying layer and low concentra-
tions of bound oxine molecules. Attempts
were made to improve the situation using
oxine derivatives containing additional funec-
tional groups to bind the reagent to the sur-
face of untreated or modified carrier [8-10].
Of greatest interest, however, is the use of
Mannich reaction to immobilize 8-hydroxy-
quinoline and other phenolic type analytical
reagents [11-15]. As is shown in our pre-
vious study [15], the single-stage ami-
nomethylation reaction can be used to bind
oxine molecules to a silica surface. The
main purpose of this work is to study the
adsorption properties of such silicas with
covalently bound 8-hydroxyquinoline with
respect to toxic metal ions.

8-Hydroxyquinoline molecules were
bound to the silica surface using the
method developed before [15] that com-
prises the use of amino-containing alkoxysi-
lane and paraformaldehyde according to the
following scheme:

=Si—OH + (H5C20)3SiCHCH,CHoNH,  +(CHO)n + @ —
N

OH

OCzHs
—§—O—gi—— CHoCHoCHoNH-CHy O

oC N
2Hs OH

Silica gel with a specific surface area of
256 m2/g (Merck, particle size 0.06—
0.16 mm) was used as a carrier. A weighted
sample of 8-hydroxyquinoline (730 mg,
5 mmol) was dissolved in 5—-10 ml of ethyl
alcohol under a mild heating. Then the vol-
ume was increased to 15 ml and 0.3 g
(10 mmol) of paraformaldehyde, 1 ml
(5 mmol) 3-aminopropyltriethoxysilane, and
10 g of pure silica gel were added. The mix-
ture was heated at 60°C for 5 h under peri-
odic stirring. The modified silica was dried at
100°C for 2 h, then washed with ethanol
(7x20 ml) and dried again at 120°C for 1.5 h.

To verify the binding of 8-hydroxyquino-
line molecules to the silica surface, IR-spec-
trum of the modified silica has been re-
corded (Furier transform IR spectrometer
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Fig. 1. FTIR-spectra of 8-hydroxyquinoline (2)
and silica gel with covalently bound oxine (1).

Nexus 470). The degree of ions adsorption on
surface of the silica with chemically bound
8-Hydroxyquinoline was calculated by the fol-
lowing formula: R=m,4,/m,100%, where
Mgyqs is a weight of adsorbed metal and m,
is a metal contents in the initial solution.
The value of m,,, was determined by sub-
tracting the metal concentration in an equi-
librium solution after adsorption from the
m, magnitude.

When studying the metal ion adsorp-
tion, Pb(II), Zn(1I), Cd(II), Fe(III), AKIII),
Cu(Il) and Mo(VI) solutions were studied
photometrically using a SF-46 spectrophotometer
with a quartz square cuvette [ = 1 ecm at the fol-
lowing wavelengths: for copper(Il), 2 = 490 nm,
for aluminium(Ill), A =640 nm, for zinc(Il),
A = 455 nm, for cadmium(Il), A = 500 nm, for
lead(II), A =520 nm, for iron(III),
A = 510 nm, and for molybdenum(VI),

A = 470 nm. The equilibrium concentrations
of metal ions were determined by spectro-
photometry according to [16]. The electron
spin resonance spectra of copper(I) com-
plexes with bound 8-hydroxyquinoline mole-
cules were measured using a RE-3106 ra-
diospectrometer (Russia) operated in the
3 c¢cm wavelength range.

The intense absorption bands of silica
matrix are observed in the wavelength re-
gion less than 1250 cm~! (Fig. 1). This fact
hinders the analysis of the modified sample
IR-spectrum. At the same time, the 1250-
1600 em ! region is informative enough to
make a conclusion about chemical binding
of 8-hydroxyquinoline molecules to the sil-
ica surface. Comparing IR-spectra of the
synthesized adsorbent (curve 1) and of 8-hy-
droxyquinoline (curve 2), the presence of
absorption band at 1580 cm™! (stretching
vibrations of C—N bonds) was noted in both
cases. There are also bands at 1510 cm™!
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Fig. 2. Dependence of Cd2?* (1), Zn%* (2) and
Pb2* (3) ion adsorption level by silica with
immobilized 8-hydroxyquinoline on the solu-
tion pH.

(the most intense band) and at 1470, 1440,
1410 and 1880 ecm ™!, which correspond to
skeletal vibrations of aromatic C—C bonds
and C—O-H groups. The presence of these
intense bands after long-term washing of
the sample in ethanol testifies the chemical
binding of 8-hydroxyquinoline molecules to
the silica surface.

The adsorption properties of the obtained
silica with immobilized 8-hydroxyquinoline
were studied initially in the static mode. To
that end, 0.1 g of the adsorbent per 25 ml
of metal solution was used. For these ex-
periments, we have selected ions of some
metals belonging to the 1st toxicity group,
namely, lead(Il), cadmium(II), zinc(II), and
to the 2nd toxicity group, namely, alu-
minium(IIT), copper(Il), iron(IIT) and molyb-
denum(VI), which form stable complexes
with 8-hydroxyquinoline in solutions.

Table 1 presents the data demonstrating
the metal ion adsorption level of the modi-
fied adsorbent depending on the medium
pH. According to these results, the synthe-
sized silica with immobilized 8-hydroxyqui-
noline can be inferred to extract quantita-
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Fig. 3. Dependence of extraction degree of
Pb2* (1), Zn?* (2) and Cd?* (3) ions by silica
with covalently bound 8-hydroxyquinoline on
adsorption time at pH = 6.86.

tively Pb(II), Fe(IIl), Zn(II) ions, to adsorb
almost completely (90-98 %) Cu(II), Mo(VI)
ions and to separate only partially (60—
80 %) Cd(II) and AKIII) ions out of neutral
and slightly basic solutions (at pH = 6-9).
In the acidic region (at pH = 1-4), the ad-
sorbent extracts quantitatively zine(II),
lead(II), iron(III) ions, adsorbs almost com-
pletely (96-99 %) copper(Il), aluminium(III)
and molibdenum(VI) ions and separates par-
tially cadmium(II) ions (Fig. 2).

Data presented in Table 2 characterize
the adsorption rate of the toxic metal ions
by the synthesized adsorbent. Among metals
of the 1st toxicity group, the modified sil-
ica adsorbent displays the best kinetic char-
acteristics with respect to lead(II) ions
which were fully extracted for 5 min. Full
adsorption of zinc(II) ions takes place only
for 2 h. The degree of Cd(II) ions adsorp-
tion does not exceed 59 % even after con-
tact with the adsorbent for 24 h (Fig. 3).
Among metals of the 2nd toxicity group,
silica gel with immobilized oxine exhibits
the best kinetic characteristics with respect
to iron(IIT) and copper(Il) ions. Maximum

Table 1. Dependence of adsorption level (%) of some metals of I and II toxicity group by silica
gel with covalently bound 8-hydroxyquinoline on the solution pH (static adsorption mode,
weighted sample 0.1 g, metal content in the solution 100 nug, adsorption time 2 h).

Metal ion pH=1.0 pH=1.7 pH = 4.0 pH =5.7 pH =6.8 pH = 8.0 pH = 9.2
Zn?* 0 0 100 71.2 100 100 100
Cd2* 0 7.5 417.5 32.5 67.5 63.8 60.0
Pb2* 48.4 76.1 100 100 100 100 57.5
Cu?* 97.0 99.3 97.6 98.4 99.3 94.0 98.1
Fed* 6.7 100 74.0 14.4 100 89.5 100
AlR* 0 95.6 70.6 63.0 89.8 74.8 95.6
Mo+ 84.9 97.2 95.8 97.2 96.2 97.2 40.4
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extraction of molybdenum(VI) and alu-
minium (III) ions does not exceed 97 %
even after prolonged contact time with the
adsorbent surface. On the whole, these re-
sults support the conclusion that silica with
covalently bound 8-hydroxyquinoline syn-
thesized by the single-stage Mannich ami-
nomethylation reaction is characterized by a
satisfactory adsorption rate of toxic metal
ions and can be used to extract thereof out
of aqueous solutions both in the static and
dynamic modes.

To determine the maximum sorption ca-
pacity, experiments were carried out with
solutions containing a large amount of
metal ions (1-5 mmol per 1 g of adsorbent).
The results obtained testify that silica gel
with immobilized 8-hydroxyquinoline syn-
thesized by the single-stage Mannich reac-
tion possesses significantly higher sorption
capacity with respect to toxic metal ions
(>2 mmol/g) as compared to that for the
chemically modified silicas prepared by ap-
propriate multi-stage procedure [5]. Thus,
the proposed synthesis method of allows one
to obtain silica with sufficiently high con-
centration of complexing groups in the sur-
face layer that permits to use such adsorbents
for preconcentration of toxic metals ions and
for the effective purification of water.

According to ESR and IR-spectroscopy,
adsorption of toxic metals on the chemically
modified silica gel occurs under formation of
complexes between metal ions and 8-hydroxy-
quinoline chemically bound to the silica sur-
face. In particular, in the IR-spectra of of
zine(II), aluminium(III), copper(Il) and mo-
lybdenum(VI) complexes with bound 8-hy-
droxyquinoline, a shift of the absorption
band at 8420 ecm™! (in the spectrum of
modified silica) to 8410 em™! (for adsorp-
tion complexes with metal ions) is observed.

Fig. 4. ESR spectra of complexes of cop-
per(II) ions with 8-hydroxyquinoline cova-
lently bound with the silica surface.

These results testify to involvement of NH-
groups of bound 8-hydroxyquinoline in for-
mation of the adsorption complexes. The
frequency shift (by about 10 cm™1) of ab-
sorption bands at 1580 and 1540 cm™! in
the spectra of complexes may testify to ad-
ditional coordination of metal ions through
the hydroxylic oxygen atom of the immobi-
lized 8-hydroxyquinoline molecules.

The data on structure of copper(II) com-
plexes with bound 8-hydroxyquinoline were
obtained from ESR spectra (Fig. 4). Accord-
ing to calculations based on these spectra,
the principal values of the gj-factor is
2.372, and g, = 2.064, the hyperfine cou-
pling constant A4 = 201.10~* em 1. This al-
lows one to assume the nearest coordination
surrounding of Cu?* ions in the surface
complex. Most probably, 4[O] and 2[N] dis-

Table 2. Adsorption kinetics (%) of some metal ions of the 1st and the 2nd toxicity groups by

silica with covalently bound 8-hydroxyquinoline
metal content in the solution 100 pg, pH = 6.8)

(static adsorption mode, weighted sample 0.1 g,

Metal ion Adsorption time

5 min. 30 min. 60 min. 120 min. 24 h
Zn?* 93.2 93.5 94.0 100 100
Cd?* 52.5 55.0 56.2 57.5 58.8
Pb2* 100 100 100 100 100
Cu?* 94.0 99.3 99.3 99.3 100
Fed* 100 100 100 100 100
Al3* 93.9 93.9 94.2 96.8
Mo®* 95.8 92.4 91.0 91.5 96.7
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torted octahedron structures are formed with
O atoms of hydroxyl groups in the equatorial
position and N atoms in the axial position, or
with N atom and two O atoms in the equato-
rial position and two O atoms in the axial
position [17, 18].

To conclude, silica gel with covalently
bound 8-hydroxyquinoline obtained by the
single-stage Mannich reaction quantita-
tively extracts ions of toxic metals such as
lead (II), zine(Il), aluminium(III), copper(Il),
iron(III), and molybdenum(VI) in the static
adsorption mode at pH from 4 to 8. Cad-
mium(II) ions are adsorbed in these conditions
only partially. The modified adsorbent is char-
acterized by satisfactory kinetics of metal ex-
traction and can be used for their separation in
the dynamic adsorption mode. Unlike analo-
gous chemically modified silicas obtained in
multi-stage process, the synthesized adsorbent
has a significantly higher sorption capacity
with respect to toxic metal ions and can be
used to purify water effectively. As it follows
from ESR and IR spectroscopy data, the met-
als are adsorbed on the modified silica surface
due to complexing between metal ions and 8-
hydroxyquinoline chemically bound on the sil-
ica surface. Study of the structure of the sur-
face complexes testifies coordination of metals
through nitrogen atoms as well as under in-
volvement of hydroxylic oxygen atoms of the
immobilized 8-hydroxyquinoline molecules.
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AncopOriliHi BIacTUBOCTI KpeMHe3eMiB
3 KOBAJIEHTHO 3aKpillJIieHUM 8-0OKCHXiHOJiHOM
I[OA0 iOHIB TOKCHYHHUX METaJiB

O.B.'nywenko, E.C.Inoécvka, O.10.Kuukxupyx, B.A.Tvopmux

Hocuaim:KeHO yMOBU OJHOCTAMIMHOrO MeTOomny XiMiuHOrO SaKpIIIEHHS MOJIEKYJ 8-OKCHXi-
HOJIIHY ILIAXOM 3IifiCHEHHS y IOBEPXHEBOMY MIapi Heopramiunoi marpuiii peakmii aminome-
TuayBaHHsa Manuixa Ta amcopOuiiini BaacTmBOCTI oxep:kaHOro ximiumo moaudbikosBaHoro
KpeMHe3eMy I[0A0 iOHiB TOKCcMUYHHX MeraJiB. Merox cuHTedy 3abesmeuye piBHOMIpHUIT po3-
HOJiJl Ta BHCOKY KOHIIEHTPAI[il0 KOMIIJIEKCOYTBOPIOIOUMX IPYIl HA IIOBEPXHi, a omep:KaHW
COpOEHT BUSBJAE BHUCOKY COPOILIMiHY €MHIiCTbL BiZHOCHO g0 OiJIBIIOCTI TOKCHMYHUX METaJiB
(>2 mMmoub/T) Ta XOpoIli KiHeTMuHi XapaKTEePHCTHUKM, IO AO3BOJISE BHKOPHCTOBYBATH Aal-
COpOeHT [Jisi IIePefKOHIEHTPYBAHHS 10HIB SIK y CTATHUYHOMY, TaK i y AMHAMIUYHOMY peKHMi.
HocaigxeHHsa OymzoBu KOMIIIEKCIB TOKCHMYHMUX METAJiB 3 iMo0isisoBaHMM Ha IIOBEPXHi KpeMm-
Hesemy 8-oxcuximosinom merozmamu EITP ta IY-cmekTpockormii cBiguaTs Hpo KOOPAMHAIIIO
ioHiB MeTasiB i3 3akpimieHMM JiraHmoM uepe3 aTOMHU HITPOreHY 1 OKCHUTIeHY.
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