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Abstract—~Peculiarities of the structure and physicochemical properties of copper—chitosan complexes pre-
pared by different methods were studied by IR, UV-visible, ESR spectroscopy, and €lectron microscopy. The
catalytic activity of redox copper centers stabilized by the chitosan matrix in the reactions of oxidation of o- and
p-dihydroxybenzenes in an agueous medium was determined. Quantitative ESR measurements provide evi-
dence for the localization of virtually al copper ionsintroduced in the initial heterogeneous chitosan samples
with copper contents below 1.5 wt % in the form of isolated Cu?* ions in square planar coordination. The chi-
tosan matrix was shown to strongly bind copper ions under conditions of redox transformations in the catalytic
tests or upon prolonged heating in boiling water. Reoxidation of the samples with H,O, results in quantitative
restoration of theinitial ESR signal of Cu(l1). Heterogenized copper—chitosan samples exhibited high activity
and stability in the catalytic oxidation of dihydroxybenzenes into quinones, whereas the homogeneous system
was characterized by irreversible poisoning due to formation of copper—hydroquinone complexes. Preparation
of the binary composite system with a thin heterogeneous copper—chitosan film supported on a macroporous
silica allows one to dramatically enhance the specific catalytic activity and the efficiency of the active compo-
nent. Such an approach may turn out to be useful in the synthesis of supported chitosan catalyst with alow noble

metal content.

Chitosan (N-deacetylated chitin, poly(1-4)-N-
acetyl-B-D-glucosamine) is a biodegradable polysac-
charide containing various functional groups. This
polymer is known to possess unique adsorption proper-
tieswith respect to diverseions, or even atoms, of met-
as. On one hand such a polymeric matrix capable of
irreversibly binding different ions attracts attention
basically as an effective system for removal of heavy
metal cationsfrom diluted aqueous solutions[1-5]. Lit-
erature data on the physicochemical properties of metal
complexes with chitosan are available [6-9]. On the
other hand, the systems obtained by immobilization of
cations on the chitosan matrix can be considered as a
new generation of ecologicaly friendly catalysts. In
general, ions and complexes of transition metalsimmo-
bilized on polymeric matrices are promising catalysts
due to the favorable combination of the properties of
homogeneous and heterogeneous systems. However,
there are only afew publications devoted to the use of
metal complexes stabilized by chitosan in heteroge-
neous catalytic properties [10-12] and information
about the application of chitosan complexesin catalytic
oxidation is virtualy missing.

The goal of this study has to prepare various com-
plexes of copper with chitosan, to perform a detailed
investigation of their properties and morphology, and to
evaluate the catalytic activity of the redox sites of such
complexesin the reaction of oxidation of o- and p-dihy-
droxybenzenes.

EXPERIMENTAL
Reagents

Unmodified chitosan. As-received chitosan made
from crab shells (Korea, molecular weight 100000—
150000, deacetylation degree 70%, moisture content
3wt %) was used for preparation of catalysts without
further purification.

Glutaric adehyde (25vol % agueous solution,
reagent grade) was chosen as a cross-linking agent.
SPAN-60 (sorbitane stearate, Fluka AG), used as an
emulsifier, and CuCl, - 2H,0 were of analytical-grade
purity (FlukaAG).

Modified chitosan. Conventional procedures
described elsewhere [13—-15] were applied for prepara-
tion of chitosan modified with glutaric aldehyde.

Initially chitosan was dissolvedin 0.1 M HCl to pre-
pare a solution with a chitosan concentration of
1.5wt %, then 60 ml of the solution obtained was
added to 60ml of hexane containing 5 wt % of
SPAN-60 emulsifier. The mixture was stirred at 60°C at
3000 rpm until formation of an emulsion. Then the stir-
ring rate was decreased to 500 rpm, and 13 ml of the
25% agueous solution of glutaric aldehyde were added
by drops for 1 h (the molar ratio of glutaric aldehyde :
amino group of chitosan, GA/NH,, was 0.64). The stir-
ring rate of 500 rpm was maintained for 4 h until com-
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pletion of the crosslinking procedure. In order to
remove SPAN-60, the polymer obtained was filtered
and washed several times with distilled water at 80°C
and hexane at 55°C. Then the polymer was dried in air
for 48 h.

Preparation of Catalysts

Homogeneous copper—chitosan complex. The cal-
culated amount of CuCl, was added to a1.5 wt % solu-
tion of chitosanin 0.1 M HCI at room temperature, and
the mixture was stirred until the formation of a trans-
parent greenish gel-like mixture. For the FTIR spectro-
scopic study, the solution of the homogeneous copper—
chitosan complex was placed on quartz plates and air-
dried for 48 h.

Coprecipitation method. A greenish solution of the
homogeneous copper—chitosan complex (0.5-9 wt %) was
prepared as described above. Then the solution
obtained was added by drops to a 0.5 M NaOH solu-
tion. Spherical globules formed were filtered and
washed with distilled water until they obtained aneutral
pH 7 and then dried in air for 48 h.

Adsorption method. A 1.5 wt % solution of chito-
sanin 0.1 M HCl was added by dropsto a0.5 M NaOH
solution. Spherical globules formed were filtered off,
washed with distilled water until neutral pH, and then
air-dried for 48 h. The polymer particles thus obtained
(1 g) were placed in 20 ml of an agueous solution con-
taining the calculated amount of CuCl,. The mixture
was stirred for 20 min, then the catalyst particles were
filtered, washed several times with distilled water and
dried in air for 24 h.

Immobilization of the copper—chitosan complex
on the surface of porous SO, (KSK). A weighed
amount (1 g) of amorphous SO, (KSK, particle size,
0.25-1 mm, surface area 330 m?/g, water incipient wet-
ness capacity, 1.2 ml/g) was impregnated by 1.2 ml of
the solution of the homogeneous copper—chitosan com-
plex prepared using the above procedure. The system
thus prepared was placed for 15 minina0.5 M NaOH
solution. Then siliga gel with heterogenized copper—
chitosan complex was filtered off, washed repeatedly
with distilled water (until neutral pH), and dried in air
for 24 h and then in avacuum for 10 h.

Immobilization of the copper—chitosan complex
on the surface of mesoporous MCM-41 carrier.
A weighed amount (1 g) of the MCM-41 support (pure
SO, with unidimensional channels, diameter of chan-
nels, ~4 nm, surface area 1040 m?/g, water incipient
wetness capacity, 4.6 ml/g) was impregnated by 4.6 ml
of the solution of the homogeneous copper—chitosan
complex. The system thus prepared was treated with
1.5 ml of a25% solution of glutaric aldehyde for 3 h,
washed repeatedly with distilled water (until complete
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removal of glutaric aldehyde), and filtered. The sample
obtained was dried in air for 48 h and then in avacuum
for 24 h.

Copper complex with chitosan modified with
glutaric aldehyde. The homogeneous copper—chitosan
complex, prepared as described above, was added to an
equivalent volume of hexane containing 5 wt % of
SPAN-60. Then the same procedure was used as
described abovefor the preparation of modified chitosan.

Sudy of Catalytic Properties of the Prepared Samples
in Oxidation of o- and p-Dihydroxybenzenes

Copper—chitosan complexes (6.5 wt % Cu) were
tested as catalysts of oxidation of isomeric o- and
p-dihydroxybenzenes by oxygen in air into the corre-
sponding quinones. The catalyst loading was placed
into a glass flask with an agueous solution of dihydrox-
ybenzene (the substrate : catalyst molar ratio, 10 : 1),
and the mixture was stirred with a magnetic stirrer.
Samples of the reaction mixture were periodically
withdrawn for analysis. The reaction was monitored by
measuring the intensities of the UV absorption bands of
the quinones formed (Specord M-40 UV -visible spec-
trometer, the bands at 390 and 428 nm for hydro-
qguinone and catechol, respectively). The concentra-
tions were expressed in arbitrary units of the absor-
bance In(T) that are proportional to the product
concentrations.

IR and UV-visible Spectroscopic Sudy

Transmission FTIR spectra were recorded at 20°C
using a Nicolet Protege 460 spectrometer in the range
of 4000400 cm™ at aresolution of 8 cm! and Matte-
son Galaxy Series FTIR 5000 spectrometer in the range
of 4000-600 cm™ at aresolution of 4 cm™. In the first
case, particles of chitosan samples were crushed and
ground in a mortar, then the fine powder was mixed
with KBr, pressed into a thin wafer, and placed in the
sample holder of the spectrometer. The OMNIC pro-
gram was used for the treatment of the spectra. In the
second case, the chitosan samples were ground with a
drop of perfluorinated oil in an agate mortar, then the
fine suspension was placed between the NaCl windows
and the spectra were taken [13]. The same sample was
used for recording UV-visible transmission spectra
using Perkin—Elmer UV-visible Lambda 18 spectrom-
eter (wavel ength range, 250-800 nm, resolution, 1 nm).
The use of the perfluorinated oil allows one to suppress
light scattering, which is quite significant for dry pow-
ders, especially in the UV range [13]. The spectrum of
pure chitosan was subtracted from the UV-visible spec-
tra of the copper-containing samples, in order to dis-
criminate the bands attributed to copper centers. IR
spectra of the samples dispersed in perfluorinated oil
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were treated using the WIN-FIRST program (correc-
tion of the baseline, subtraction of the spectrum of per-
fluorinated ail). Intense bands of perfluorinated oil are
observed in the region of 1300-1100 cm~! and do not
overlap with the bands of OH, NH, and CH groups of
chitosan in the region of 4000-2000 cm'.

ESR Sudy

ESR spectrawere recorded using a Bruker ESR 300
spectrometer equipped with a 41040R resonator and
guartz Dewar vessel inthe X band (A = 3.2cm) at 20°C
and —-196°C. The ESR spectra were measured at the
microwave power of 6.35 mW and amplitude of modu-
lation 2.0 G in the range of 20004000 G (5 scans with
the sweep time of 42 s) or 1004600 G (2 scans at the
sweep time of 84 s). Bruker ESP 300E and WIN-EPR
(version 901201) programs were used for treatment of
the spectra (correction of the baseline, double integra-
tion). DPPH and frozen solutions of Cu(NO;), were
used as standards to determine the g-values and for
quantitative analysis of Cu?* ions observed by ESR.

Particles of the weighed catalyst were placed in
guartz ampules to fill the necessary volume (diameter,
3.5 mm, height, 15 mm), evacuated for 10 min until the
pressure in the vacuum system reached 0.03 Torr at
20°C, and sealed off. ESR spectra were measured at
20°C and normalized by the weight of the sample. Then
the ampules were opened to air and the measurements
repeated. Then the sample particles were saturated with
water and kept overnight. Then the ampules were placed
in liquid nitrogen and spectra were taken at —196°C. To
derive the fraction of ESR-detectable Cu?* ions in the
samples under study, the spectra were compared to
those of the frozen solutions of Cu(NO;), [14, 15]. The
samples were studied in series and the ampules were
placed in the same position in the resonator chamber in
order to increase the accuracy of the quantitative mea-
surements.

RESULTS AND DISCUSSION

IR spectra of the initial chitosan and copper—chito-
san complex (1.5 wt %) prepared by coprecipitation are
presented in Fig. 1. The spectrum of theinitial chitosan
(Fig. 1a) isvirtually the same as the spectrareported in
the paper [16] devoted to IR-spectroscopic studies of
chitin and chitosan. Obviously, the presence of copper
in the complex causes significant changes in the shape
of the broad band at 3700-1700 cm! assigned to differ-
ent types of OH and NH vibrations in polymers. Coor-
dination of the chitosan matrix with Cu?* ionsresultsin
substantial changes of the vibration frequenciesin this
region with a shift toward low frequencies. Thus, even
for low-percentage samples, the interaction of copper
ions with the polymer matrix turns out to be strong
enough for perturbation of O—H and N—H bondsin chi-
tosan. The effect of the broadening of absorption bands
is higher for the samples with copper content 9 wt %;
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Fig. 1. IR spectraof (&) theinitial chitosan and (b) the 1.5%
Cu/chitosan sample in the region of vibrations of OH, NH,
and CH groups.

however, the quantitative analysis is hardly possible in
this case. It is worthwhile noting that the spectrum of
the complex with copper content 1.5 wt % prepared by
impregnation of wet chitosan globuleswith acopper(l1)
solution is identical to the spectrum of the sample
obtained by coprecipitation (Fig. 1b). Hence, absorp-
tion of copper(Il) ions by chitosan leads to binding of
copper similar to the samples prepared from the homo-
geneous complex.

Besides broadening of the OH and NH absorption
bands, introduction of copper in chitosan resultsin the
appearance of astrong absorption band at 470 cm! pre-
sumably ascribed to the stretching vibrations of the
Cu—N bonds [17]. For the dried thin films of homoge-
neous copper-containing complexes, this band is
observed at 466 cnr!. The values of the frequencies
may indicate the formation of chelate copper com-
plexes with chitosan (v = 472 cm!) [17]. The spectrum
of the sample after the catalytic reaction contains a
shoulder at 590 cm! that may be related to the forma-
tion of bonds between NH, groups of chitosan and
Cu(l) ions[17].

Comparison of the IR spectrum of chitosan modi-
fied with glutaric aldehyde with that of the copper com-
plex with this polymer (0.5 wt % Cu) shows that intro-
duction of copper causes broadening of the bands of
OH and NH vibrations similarly to the unmodified
polymer. However, unlike the blue complex prepared
from the initial chitosan, the copper complex with chi-
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Fig. 2. ESR spectra of different starting Cu/chitosan sam-
ples taken at 20°C: (1) coprecipitated 0.5% Cu/chitosan,
(2) coprecipitated 1.5% Cu/chitosan, (3) 0.5% Cu/chitosan
prepared by the adsorption method.

tosan modified with glutaric aldehyde is dark-brown.
Therefore, we can assume that a considerable part of
copper ionsis reduced by the aldehyde in the course of
the preparation. Nevertheless, binding of copper by the
polymer matrix leads to a broadening of the absorption
bands of OH and NH groups.

It stems from the IR-spectroscopic data that immo-
bilization of copper on chitosan resultsin the formation
of arather stable complex. This conclusionisin agree-
ment with the literature data on the capability of chito-
san to irreversibly bind copper ions from diluted aque-
ous solutions [3-5]. However, two important questions
arise in studying the use of copper-containing chitosan
systems as heterogeneous catalysts: (1) whether or not
the active Cu(ll) sites are resistant toward decomposi-
tion and leaching in the course of the catalytic reaction
and (2) if there are some peculiaritiesin the redox prop-
erties of copper centers immobilized on the chitosan
matrix?

Theloss of copper in the catalytic process cannot be
significant, because the analysis of the liquid phase
does not reveal any detectable concentrations of copper
ionsin the solution after catalysis. Quantitative analysis
by the ESR method allows one to gain more detailed
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information about the state and peculiar features of
Cu(ll) centers.

ESR gpectra of three copper-containing chitosan
samples are shown in Fig. 2. The signal of the precipi-
tated complex (0.5 wt % Cu) istypical for magnetically
isolated Cu(ll) ions. The parameters of the hyperfine
structure (HFS) (gy=2.24, A;= 179 G, g, = 2.045) indi-
cate that copper is stabilized in alocal crystal field of a
low symmetry close to the planar-square coordination
[15]. Unfortunately, no signals of the additional hyper-
fine structure due to splitting on nitrogen atoms of the
ligands are observed inthe ESR spectraof Cu(ll) in chi-
tosan (Fig. 2). Thus, we cannot determine experimen-
tally the number of N and O atoms in the coordination
sphere of the copper ion. It follows, however, from DFT
calculations [18] that the structure of disaccharide with
copper, which contains simultaneously the NH, and
CH,OH groups of the neighboring chitosan rings, is
optimal. Presumably, the coordination sphere of the
Cu(1l) ion includes two NH, and two CH,OH groups.
Thishypothesisis supported by theliterature data: ESR
spectrawithidentical HFS parameterswerefound [ 3, 8,
19-21]. Inthe case of the samples kept overnight in dis-
tilled water, substantial swelling of the spherical glob-
ules of the copper—chitosan complex was observed (the
diameter of the particles increased 2-2.5 times). How-
ever, no respective changes in the shape or intensity of
the ESR signal were noticed. Thus, water molecules
penetrating the interior of the polymer do not act as
extraligands coordinating copper(l1) ions. Quantitative
analysis of the ESR spectra, with the frozen Cu(NO;),
solution being used as a calibration standard [14, 15],
givesthevaueof 5.0 £ 0.5 mg of Cu(ll) per 1 g of chi-
tosan, i.e. dmost al the introduced copper ions in the
low-percentage sample are ESR-detectable isolated
cations. The ESR signal of the sample with copper con-
tent 1.5wt % (Fig. 2, curve 2) issimilar to the spectrum
presented in Fig. 2, curve 1, whereasiits absolute inten-
sity corresponds to a copper content of 14.0 £ 1.4 mg
Cu(ll) per 1 g of polymer. Therefore, virtually al the
copper ions in the precipitated samples with copper
content below 1.5 wt % are isolated and contribute to
the ESR signal intensity. Even in the case of the precip-
itated sample with the maximum copper content (9 wt %),
theintensity of the ESR signal corresponds to about 2/3
of the total amount of introduced copper (Fig. 3,
curve 1). However, in this case, the components of the
hyperfine structure are not well resolved because of the
interaction between paramagnetic copper ions (Fig. 3,
curve 1).

The resolution of the HFS components in the spec-
trum of the low-percentage sample (0.5 wt %) prepared
by the adsorption method (Fig. 2, curve 3) is not as
good as in the case of the precipitated sample (Fig. 2,
curve 1). The integral intensity of the signa corre-
sponds to ~4 mg of Cu(ll) per 1 g of chitosan (80% of
the introduced ions are detected by ESR). Most proba-
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bly, the distribution of Cu(ll) ions in the bulk of the
impregnated globules is not uniform. However, even in
this case, copper ions concentrated in subsurface layers
are separated and do not form clusters with Cu—O—Cu
bonds.

For the sample with copper content 0.5% on chito-
san modified with glutaric aldehyde, a very weak ESR
signa of Cu(ll) is observed. This is indicative of the
reduction of the main part of the introduced copper ions
during treatment with the aldehyde. These data and the
IR spectroscopic results provide evidence for rather
strong complex formation between copper and chitosan
sufficient for the stabilization of Cu(l) or Cu(0) species.

Special experiments were carried out to study the
copper losses in the course of the catalytic process. As
was already mentioned, the copper content in theliquid
phase was below the detection limit. At the same time,
it was noticed that catalytic tests or prolonged boiling
in water cause significant changes in the color of the
samples. It was of interest, therefore, to monitor the
dynamics of the transformation of the Cu(ll) ESR sig-
nal when the complex is subjected to various treat-
ments.

ESR spectra of Cu(ll) (Fig. 3) were taken at differ-
ent stages of treatment of the precipitated sample with
9.0 wt % Cu in distilled water at 101°C. The sample
loading was placed in a glass beaker (5 ml) containing
4 ml of water, sealed, and heated at a constant temper-
ature (101°C) for a specified time interval. Upon cool-
ing to room temperature, the sample was filtered,
placed in an ESR ampule, and dried in a vacuum at
room temperature. The corresponding changes in the
integral intensity of the Cu(ll) ESR signal are shownin
Fig. 4. Hydrotherma treatment of the sample for 75 min
provokes a 4-fold decrease in the signal intensity
(Fig. 4) without any changes in the parameters of the
signal. However, afurther 3-min treatment of the sam-
ple at room temperature with a 1% aqueous sol ution of
H,O, results in growth of the intensity to the starting
value. Complete restoration of the signa (cf. Fig. 3,
curve 1) unequivocaly proves that quantitative reoxi-
dation of all copper ionsto Cu(ll) occurs.

Hydrothermal treatment was also carried out for the
sample containing 1.5 wt % Cu. Similarly to the above-
described effects, boiling of the sample in water caused
a dramatic (4-fold) decrease in the intensity of the
Cu(ll) ESR signal, whereas reoxidation with H,O, at
20°C led to a quantitative restoration of the initial sig-
nal. Thus, heating of the copper-chitosan complexesin
distilled water results in reduction of a considerable
part of the copper ions by the polymer matrix, presum-
ably, with the participation of the reactive amino
groups. The reduced active centers are stabilized by the
matrix and can be quantitatively reoxidized to yield the
starting complex. Oxidation of the amino groups of the
ligand in the complex is possible during the interaction
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Fig. 3. ESR spectra of the 9% Cu/chitosan sample taken at
20°C at different stages of the treatment: (1) initial sample,
(2-4) after hydrothermal treatment for 15, 30, and 70 min,
respectively.

with H,O,, but we did not pay attention to the study of
thisreaction. Thevariation in the UV spectraduring the
redox transformations of complexes in water are pre-
sented in Fig. 5.

Thus, since the organic support is capable of reduc-
ing the Cu(ll) centers upon heating chitosan in water,
the guestion arises about the role of water in this pro-
cess. The experiment was repeated with dry globules of
the sample containing 9 wt % Cu, which was heated in
an atmosphere of nitrogen. The sample loading was
placed in a glass beaker (5 ml), purged with dry nitro-
gen, sealed, and heated at 101°C for a specified time
interval. Such athermal treatment in dry conditions, i.e.
in a more dense and rigid polymer matrix, resultsin a
significantly less pronounced reduction of Cu(ll) in
chitosan (Fig. 4). A still weaker effect was found upon
heating the copper—chitosan complex at 80°C in liquid
benzene. Obvioudly, swelling in water (with the size of
globulesincreasing 2-2.5 times) providesthe elasticity
of the polymer matrix and is favorable for the interac-
tion between the Cu(l1) centers and the reactive groups
of chitosan. Thus, water appearsto be aperfect reaction
media for the systems under study. Furthermore, the
quantitative reoxidation of copper in the interior of the
swollen chitosan particles with a diluted solution of
H,O, provides evidence for the high extent of the per-
meability of the swollen polymer.

Aswasindicated above, the samples experience sig-
nificant changes after their catalytic transformations.
For al the samples the intensity of the Cu(ll) ESR sig-
nal decreases by 30-40% while the parameters of the
signal remain unchanged. Thus, the dynamic equilib-
rium Cu(ll) <— Cu(l) in the catalysts is substantially
shifted toward the reduced statein the course of testing,
meaning that the reoxidation stage is not fast under
the reaction conditions. A new narrow ESR signal
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Fig. 4. Changes in the integral intensity of the ESR spectra
of Cu(ll) caused by the thermal treatment of the 9% Cu/chi-
tosan sample at 101°C: (1) swelled globules in water,
(2) dry globulesin an N, atmosphere.

with g = 2.005 and AH = 6 G appears in the spectra of
the Cu/chitosan and Cu/chitosan/SiO, samples after the
catalytic reaction, in addition to the Cu(ll) signal dis-
cussed above. The interpretation of this signal,
observed on a broad background of the intense Cu(ll)
ESR signal, is adifficult problem. A narrow symmet-
ric singlet with g = 2.002 may appear as aresult of the
formation of a quinone cation radical. However, scru-
pulous inspection of this part of the spectrum allowed
us to notice that the main signal with g = 2.005 looks
somewhat asymmetric, and two weak shoulders with
g = 2.010 and 2.000 can be revealed. A specific triplet
with such parameters may indicate the stabilization of
a paramagnetic species O, on the catalytic site [22].
Additional studies may shed some light upon this
problem and provide new data for an unambiguous
interpretation.

From the viewpoint of the utilization of the samples
under study in catalysis, of particular importanceisthe
problem of accessibility of the catalytic sitesin the bulk
of the polymer globules. The contribution of the main
part of the active centerslocalized in the interior of the
polymer globules with a diameter of 2-3 mm may be
insignificant. Therefore, thin-layer (egg-shell) catalysts
were prepared for comparison with copper—chitosan
complexes supported on inorganic carriers with a
developed surface area (macroporous amorphous silica
gel and mesoporous silica of the MCM-41 type with
unidimensional channels).

When 1.8 wt % of the chitosan complex was sup-
ported onto the macroporous silica gel with initial sur-
face area 330 m?/g, the sample containing 0.12 wt % Cu
was obtained with specific surface area 210 m?/g. The
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Fig. 5. UV-visible spectra of the 9% Cu/chitosan sample:
(1) initia sample, (2) after hydrothermal treatment for
70 min.

data of scanning electron microscopy show that islands
of the polymer film cover the inorganic support with a

thin layer.! The ESR spectra of Cu(ll) with a well
resolved HFS correspond to the total amount of copper
introduced in the sample and are supportive of the con-
clusion that this sampleisidentical to the bulk chitosan
samples in terms of the localization and properties of
the Cu(ll) sites. Another catalyst (6.3 wt % of chitosan
maodified with glutaric aldehyde, 0.43 wt % Cu, specific
surface area about 500 m?/g) was prepared by support-
ing the chitosan complex on the surface of the mesopo-
rous MCM-41 carrier with diameter of channels~4 nm
and initial specific surface area 1040 m?/g.

The following copper-containing catalysts were
compared inthe catalytic tests: (1) free Cu(ll) ionsinan
agueous solution of CuCl,, (2) the homogeneous cop-
per—chitosan complex, (3) the heterogeneous copper-
chitosan complex (globules), and (4) the complexes of
copper with chitosan on the surface of high-porosity
carriers (silicagel, MCM-41).

When the homogeneous systems (1) and (2) were
tested in oxidation of hydroquinone by oxygen in air,
no oxidation products were found in the reaction mix-
ture. The kinetic curves for the homogeneous systems
presented in Fig. 6 seem to indicate that the copper

1The pictures of the surface of the samples with a magnification of
100-5000 were obtained using a JEOL JSM-5300 LV scanning
electron microscope.
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Fig. 6. Kinetics of hydrogquinone conversion measured in
InT (transmittance) units at 20°C in agueous homoge-
neous solutions of (1) CuCl, and (2) copper—chitosan
complex.

complex is blocked by the quinone formed. Thus, the
intermediate complex turns out to be quite stable under
the chosen conditions and the catalytic activity of the
homogeneous systems is very low.

The conversion of dihydroxybenzene isomers into
the corresponding quinones is observed in the presence
of the heterogeneous copper—chitosan complexes pre-
pared by the adsorption and precipitation methods. The
kinetics of hydroguinone oxidation is shown in Fig. 7.
The initial reaction rate appears to be significantly
higher for the sample prepared by the adsorption
method (Fig. 7), but a substantial decrease of the reac-
tion rate is observed for this catalyst with the progress-
ing reaction. It follows from the ESR data that the dis-
tribution of Cu?* ionsin theinterior of the globules pre-
pared by impregnation is not uniform, and the Cu?*
sitesarelocated preferentially in the layers near the sur-
face of the globules. It isthe higher concentration of the
accessible surface Cu?* ionsthat may be responsiblefor
the higher initial activity of the catalyst prepared by the
adsorption method, while the contribution of the active
siteslocated in theinterior of the globules of the precip-
itated samples is less significant. However, the high
concentration of the accessible Cu?* ions may causethe
further decrease of the reaction rate of the catalysts pre-
pared by the adsorption method. According to the liter-
ature data [23], the quinone products may form stable
molecular complexes with amino groups of chitosan. It
is plausible that the blocking effect is less pronounced
for diluted and uniformly distributed sitesin the matrix
of the precipitated catalyst.

Comparative kinetic curves are shown in Fig. 8 for
the precipitated sample and complexes supported on
SiO, and MCM-41. The reaction rate for pure silicais
negligible. It is seen from the figure that the activity of
the catayst supported on the surface of the
macroporous silicagel (specific surface area, 210 m?/q)
issignificantly higher than the activity of the bulk glob-
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Fig. 7. Kinetics of hydrogquinone conversion at 20°C on the
heterogeneous 6.5% Cu/chitosan complex: (1) coprecipi-
tated sample, (2) catalyst prepared by adsorption.

ules. While comparing these two systems, one should
also take into account that the same loading of the sil-
ica-supported sample (1.8 wt % of Cu/chitosan on
SiO,) contains 55 times less copper—chitosan com-
plexes (i.e., 55 timesless copper). Hence, the activity of
the copper sitesin athin film of the polymer supported
onto the inert macroporous SIO, carrier and accessible
to the substrates exceeds the activity of the active cen-
tersinthe bulk catalyst at |east by two orders of magni-
tude.

On the other hand, the activity of the systems sup-
ported onto the mesoporous MCM-41 carrier turned
out to be rather low (Fig. 8a). This result can be easily
explained by the peculiarities of the structure of
MCM-41. The developed surface area of this mesopo-
rous support is related to the existence of unidimen-
sional nonintersecting channelswith diameters of about
4 nm. Chitosan supported onto MCM-41 by impregna-
tion and cross-linking may block the entrances to the
channels, especially in the samples swollen in water. In
this case the access of the substrate molecules in the
channels is limited and the wet samples contain very
few accessible active sites. At the same time, in BET
measurements of the specific surface area after drying
the samples in a vacuum, molecules of nitrogen can
enter the channels, and, asaresult, the high value of the
specific surface area (~500 m?/g) can be obtained.

Thus, the examples of the copper complexes dis-
tinctly show the advantages of the systems based on
chitosan complexes supported onto inorganic carriers
with a developed specific surface area and a
macroporous structure. Such an approach based on sup-
porting thin chitosan films on the accessible surface
seems to be most efficient for the synthesis of immobi-
lized catalysts with extremely low content of noble or
transition metals.
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Fig. 8. Kinetics of oxidation of (a) hydroquinone and
(b) catechol at 20°C on heterogeneous 6.5% Cu/chitosan
catalysts: (1) bulk globules, (2) Cu/chitosan/SiO,,
(3) Cu/chitosan/MCM-41.

CONCLUSIONS

1. Heterogenized copper—chitosan complexes are
active catalysts of liquid-phase oxidation of o- and
p-dihydroxybenzenes, unlike homogeneous systemsin
which the formation of strong copper-hydroquinone
complexes exerts an inhibiting effect on the yield of
quinones.

2. Heterogenized copper—chitosan complexes sup-
ported onto the surface of macroporoussilicagel (KSK,
specific surface area 210 m?/g) exhibit a significantly
higher activity in the oxidation of dihydroxybenzenes.
In contrast, the use of the mesoporous MCM-41 car-
rier was shown to beinefficient, most likely as aresult
of blocking of the unidimensional channels (diameter,
~4 nm) by the polymer. The preparation of the catalysts
with thin-film chitosan coating on the accessible sur-
face opens up new horizonsin the synthesis of immobi-
lized chitosan catalysts with a low content of noble
metals.

3. ESR data indicate that the matrix of the heterog-
enized chitosan is capable of stabilizing isolated Cu?*
ionsin a coordinatively unsaturated state. The estimate
of the concentration of copper by ESR shows that al
copper ions introduced in low-percentage samples
(1.5 wt % Cu) are detectable by ESR, and the symme-
try of the isolated Cu?* ions in chitosan is close to
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square-planar coordination. Redox transformations of
the active centersin the course of catalytic tests or pro-
longed hydrothermal treatment do not lead to leaching
of copper to theliquid phase, and reoxidation of the cat-
alyst by hydrogen peroxide resultsin compl ete restora-
tion of the Cu(Il) ESR signal.

REFERENCES

1. Juang, R.-S.,, Wu, F.-C., and Tseng, R.-L., Water Res,,
1999, val. 33, p. 2403.

2. Inoue, K., Yoshizuka, K., and Ohto, K., Anal. Chim.
Acta, 1999, vol. 388, p. 209.

3. Ershov, B.G., Sdivestrov, A.F., Sukhov, N.L., and
Bykov, G.L., lzv. Akad. Nauk, Ser. Khim., 1992, p. 2305.

4. Micera, G., Deiang, S., Dessi, A., Decock, P, Dubois, B.,
and Kozlowski, H., Proc. 3rd Int. Conf. Chitin Chitosan,
Muzzardli, R.A.A., Jeuniaux, C., and Gooday G.W.,
Eds., New York: Plenum, 1986, p. 565.

5. Muzzardli, RA.A., Tanfani, F, Emanuelli, M., and
Gentile, S., J. Appl. Biochem, 1980, val. 2, p. 380.

6. Chiessi, E., Palleschi, A., Paradossi, G., Venanzi, M., and
Pispisa, B., J. Chem. Res. (S), 1991, p. 248.

7. Guan, H.-M., Cheng, X.-S., and Tong, Y.-J., Gongnheng
Gaofenzi Xuebao, 1999, vol. 12, p. 431.

8. Chiessi, E., Branca, M., Palleschi, A., and Pispisa, B.,
Inorg. Chem., 1995, vol. 34, p. 2600.

9. Focher, B., Massoli, A., Torri, G., Gervasini, A., and
Morazzoni, F., Makromol. Chem. 1986, vol. 187,
p. 2609.

10. Huaimin Guan, Yugjin Tong, Huaxue Wuli Xuebao,
1997, val. 10, p. 174.

11. Huaimin Guan, Fujian Shifan Daxue Xuebao, Ziran
Kexueban, 1996, vol. 12, p. 75.

12. Paradossi, G., Chiessi, E., Cavalieri, F., Moscone, D.,
and Crescenzi, V., Polym. Gels Networks, 1997, val. 5,
p. 525.

13. Gerlock, JL., Kucherov, A.V., and Nichols, M.E,,
J. Coating Tech., 2001, vol. 73, p. 45.

14. Kucherov, A.V., Gerlock, JL., Jen, H.-W., and Shelef, M.,
J. Catal., 1995, vol. 152, p. 63.

15. Slinkin, A.A. and Kucherov, A.V., Catal. Today, 1997,
vol. 36, p. 485.

16. Brugnerotto, J., Lizardi, J., Goycoolea, F.M., Arguelles-
Monal, W., Desbrieres, J., and Rinaudo, M., Polymer,
2001, vol. 42, p. 3569.

17. Nakamoto, K., Infrared and Raman Spectra of Inorganic
and Coordination Compounds, New York: Wiley, 1986.

18. Braier, N.C. and Jishi, R.A., J. Mol. Sruct. (Teochem),
2000, vol. 499, p. 51.

19. Sy, Y.-C., Guan, H.-M., and Cheng, C.X., Huaxue Xue-
bao, 1999, voal. 57, p. 596.

20. Chiessi, E., Paradossi, G., Venanzi, B., and Pispisa, B.,
J. Inorg. Biochem., 1992, vol. 46, p. 109.

21. Schick, S., Macromolecules, 1986, vol. 19, p. 192.

22. Anpo, M., Che, M., Fubini, B., Garrone, E., Giamdllo, T.,
and Paganini, M.C., Top. Catal., 1999, vol. 8, p. 189.

23. Park, S.-H., Kwon, O.-S., Chang, W.-C., and Kim, C.-J.,
Biotech. Lett., 2000, vol. 22, p. 21.

KINETICS AND CATALYSIS Vol. 44 No.6 2003



