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bstract

The catalytic properties and structural characterization of catalysts derived from hypercrosslinked polystyrene (HPS), a polymer exhibiting
esoporosity and loaded with ruthenium in various amounts are investigated in the oxidation of d-glucose to d-gluconic acid. Transmission

lectron microscopy, X-ray fluorescence analysis, nitrogen physisorption measurements, diffuse reflectance infrared Fourier transform spectroscopy
f adsorbed CO, EXAFS, XANES and catalytic studies show the presence of catalytically active nanoparticles of mixed composition (metal/oxide)

ith a mean diameter of 1.0–1.2 nm. The most active catalyst is found to contain 0.74 Ru wt.%. The highest selectivity to d-gluconic acid is 99.8%

or a conversion of d-glucose of 99%; the specific activity of the catalyst is measured to be 1.13 × 10−3 mol mol−1 Ru s−1. The high-catalytic
ctivity is attributed to the presence of pores of various sizes which facilitate mass transport and the high stability is attributed to the presence of
mall mesopores that have high-sorptional capacity and hinder the migration of the nanoparticles.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, catalysts containing metal nanoparticles have
ecome a subject of interest due to their enhanced activity and
electivity [1–3]. Particles formed on the surface of an inor-
anic or carbon support, however, have broad distribution in
ize and morphology [4,5] that lead to unstable catalytic prop-
rties [6,7]. A possible approach to overcome this problem is to
row the nanoparticles in structured polymers exhibiting well-
efined interfaces [8,9]. Reports on nanoparticles formation in

anostructured polymeric media which show efficient catalytic
roperties have recently appeared [10,11].
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In the present work we examine the incorporation of Ru(IV)
n the matrix of hypercrosslinked polystyrene [12,13] and the
ormation and catalytic properties of the ruthenium nanoparti-
les developed therein. The test reaction, d-glucose oxidation,
s of fundamental as well as technological interest [14]. Several
ethods based on chemical, electrochemical, biotechnological,

nd catalytic routes are currently available for the oxidation
f d-glucose which serves as an intermediate in calcium glu-
onate synthesis [14]. The catalytic route promises to be the
ost viable. To increase the selectivity of oxidation, however,

arbohydrate functional groups must be protected and the ini-
ial functional groups recovered after reaction, which results
n a high loss of the target product [15,16]. The direct cat-
lytic oxidation of d-glucose to d-gluconic acid, displayed in

ig. 1, allows one to avoid the protection stage. This reaction
as been formerly performed in the presence of O2 over noble
etal catalysts deposited on activated carbon or aluminum oxide

7,17].
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Fig. 1. Direct catalytic d-glucos

It must be conducted in neutral or low-alkali media [18].
electivity may be increased through the addition of modi-
ying agents at optimal loading levels [19], but the resultant
electivity unfortunately decreases at high rates of d-glucose
onversion [20]. Therefore the synthesis of novel catalysts which
isplay both high activity and selectivity is of special interest in
his area.

. Materials and methods

.1. Materials

The hypercrosslinked polystyrene was purchased from
urolite Int. (UK), as Macronet MN 270/38600 type 2/100 (des-

gnated as MN-270). It was washed with acetone and water
wice and purified under vacuum. Sodium hydrogen carbonate
NaHCO3), sodium hydroxide (NaOH), hydrochloric acid (HCl)
nd ruthenium hydroxy chloride Ru(OH)Cl3 were obtained from
eakhim (Moscow, Russia). Reagent-grade THF, methanol,
ydrogen peroxide, gluconic acid and d-glucose were purchased
rom Aldrich and were used as received. Distilled water was
urified with Elsi-Aqua water purification system.

.2. Catalysts synthesis

In a typical synthesis, 0.24 g Ru(OH)Cl3 was dissolved under
ir into 7 mL of a mixture of solvents consisting of 5 mL of THF,
mL of water and 1 mL of methanol, to which 3 g of MN-270
ere added. The suspension was continuously stirred for 10 min
o that the solution could be absorbed by the polymer, which was
hen dried at 75 ◦C for 1 h. The dried polymer matrix impreg-
ated with Ru(OH)Cl3 was boiled with 21 mL of 0.1 mol L−1

aOH solution. Two milliliters of hydrogen peroxide were sub-

d
c
t
o

ation and possible by-products.

equently added to the suspension under continuous stirring.
he catalyst was then recovered by filtration, washed with water
t pH 6.4–7.0 and dried at 75 ◦C. Ru content was found to be
.71 wt.% by XRF elemental analysis. Two other samples with
ifferent Ru weight contents (0.74 and 0.05%) were prepared
ollowing the same methodology.

.3. d-Glucose oxidation methodology

The oxidation reaction was conducted batchwise in a PARR
200 apparatus which provides independent control over param-
ters such as d-glucose and NaHCO3 concentrations, catalyst
oncentration, temperature, (pure) oxygen feed rate, oxygen
ressure and stirring rate. A suspension of the catalyst and an
queous solution of d-glucose (20 mL) prepared at a predeter-
ined concentration were placed in the reactor. The rate of

xygen feed was controlled by a rotameter. The equimolar quan-
ity of the alkalizing agent (NaHCO3) was fed to the apparatus
ontinuously over 120 min (to maintain pH in the range 6.0–7.5),
sing an automatic dispenser. The high-stirring rates employed
ere ensured good mixing without diffusion limitation. Samples
f the reaction mixture were periodically removed for analysis.
t the end of each experiment, the catalyst was separated by
ltration and the filtrate was analyzed to measure by HPLC the
ontent in d-glucose and in the sodium salt of d-gluconic acid.

.4. HPLC analysis

The analysis of the sodium salt of d-gluconic acid and

-glucose was performed using a MILLICHROM-4 HPLC
hromatograph. Normal-phase chromatography using a 5 cm
ungsten column characterized by a theoretical plate number
f 4500 was chosen for sample analysis. Separon SGX-NH2
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Table 1
Surface areas and pore volumes for HPS-based catalysts before and after (*)
120 min of d-glucose oxidation

Catalyst BET surface
area (m2 g−1)

Pore volume
(mL g−1)

HPS 1250 0.95
HPS–Ru-2.71% 1172 0.79
HPS–Ru-2.71%–OX* 1183 0.81
HPS–Ru-0.74% 1040 0.73
HPS–Ru-0.74%–OX* 1047 0.74
H
H

2
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3
s

H
m
i
o
are negligible (less than 1%).

Moreover, as shown in Fig. 2, the volume of mesopores with a
pore mean diameter of 4 nm decreases when increasing of metal
content, which suggests that ruthenium nanoparticles are local-
14 E. Sulman et al. / Journal of Molecular

7 mkm) served as a stationary phase, whereas a 75/25 v/v ace-
onitrile/water solution was used as the mobile phase. The flow
ate was held constant as 2 mL min−1 at 70 bar and 20 ◦C. The
V detector wavelength was maintained at 190 nm. The concen-

ration of the sodium salt of d-gluconic acid and d-glucose varied
rom 0.001 to 10 mg mL−1 and the internal standard Xylite con-
entration was 1 mg mL−1.

.5. Determination of activation energies

The reaction was performed in an aqueous reaction medium,
he catalyst concentration being 1.46 × 10−3 mol(Ru) L−1, d-
lucose concentration 2.78 × 10−2 mol L−1 and temperature
arying from 25 to 80 ◦C. The apparent activation energy (Ea)
as calculated according to the Arrhenius equation.

.6. X-ray fluorescence analysis

Ru content was estimated by X-Ray fluorescence (XRF)
easurements performed with a Spectroscan – Maks – GF1E

pectrometer (Spectron, St-Petersburg, Russia) equipped with
o anode, LiF crystal analyzer and SZ detector. The analyses
ere based on the Co K� line and a series of HPS/Ru standards
repared by mixing 1 g of HPS with 10–20 mg of standard Ru
ompounds. The time of data acquisition (10 s) was constant.

.7. Liquid nitrogen physisorption

Nitrogen physisorption was conducted at the normal boil-
ng point of liquid nitrogen using a Becman Coulter SA 3100
pparatus (Coulter Corporation, Miami, Florida). Samples were
egassed in a Becman Coulter SA-PREP apparatus for sample
reparation (Coulter Corporation, Miami, Florida), at 120 ◦C in
acuum for 1 h, prior to the analysis.

.8. TEM analysis

Transmission electron microscopy (TEM) experiments were
erformed on a 100 kV JEOL 100 CXII UHR microscope. After
rinding of the sample, the powder was dispersed in pure ethanol.
he suspension was stirred in an ultrasonic bath and one drop
as placed on a carbon-coated copper grid.

.9. X-ray absorption spectroscopy (XANES + EXAFS)

XAS measurements were carried out at HASYLAB (DESY
n Hamburg, Germany) on the beamline X1 (Ru K-edge,
2117 eV) using a double-crystal Si(3 1 1) monochromator,
hich was detuned to 50% of maximum intensity to exclude
igher harmonics in the X-ray beam. The spectra were recorded
n the transmission mode at ambient temperature. The spectra
ere measured several times in order to check reproducibil-
ty. Reference spectra were recorded using standard reference
ompounds (RuO2 and Ru-foil). Analysis of the EXAFS spec-
ra was performed with the software VIPER for Windows
21].

F
d

PS–Ru-0.05% 1225 0.91
PS–Ru-0.05%–OX* 1230 0.91

.10. CO adsorption followed by diffuse reflectance
nfrared Fourier transform (DRIFT) spectroscopy

DRIFT spectra were recorded at ambient temperature with
Nicolet 460 Protégé spectrometer equipped with a diffuse

eflectance attachment. The samples were placed in an ampoule
upplied with a KBr window and 200 scans were collected from
00 to 6000 cm−1 with a 4 cm−1 resolution. CO adsorption was
erformed at ambient temperature at an equilibrium pressure of
0 Torr.

. Results and discussions

.1. Liquid nitrogen physisorption and X-ray fluorescence
tudies

BET surface areas and pore volumes of HPS and Ru-modified
PS are presented in Table 1. The values obtained for Ru-
odified HPS are always lower than those for parent HPS; the

ntroduction of Ru species in the HPS matrix leads to decrease
f its BET surface area and pore volume. Changes after reaction
ig. 2. Dependence of HPS and HPS-based catalysts pore volume vs. pore
iameter.



E. Sulman et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 112–119 115

Table 2
XFA analysis of HPS-based catalysts before and after (*) 120 min of d-glucose
oxidation

Catalyst Ru concentration (wt.%)

HPS–Ru-2.71% 2.71
HPS–Ru-2.71%–OX* 2.68
HPS–Ru-0.74% 0.74
HPS–Ru-0.74%–OX* 0.74
H
H

i
t
t
s
o
n

3

w
g
m
S
l
a
t
t
i
n

F

w
r

3

a
I
t
p

F
o

PS–Ru-0.05% 0.05
PS–Ru-0.05%–OX* 0.05

zed in these pores. The changes of pore volume for mesopores in
he range of 5–25 nm, which can favor the transport of the reac-
ants toward the active sites [11] are negligible for all catalyst
amples. X-Ray fluorescence analysis shows that the decrease
f Ru content in the three catalysts after d-glucose oxidation is
egligible (Table 2). Leaching does not occur.

.2. TEM studies

The porous nature of the polymer is evidenced in Fig. 3a,
hich shows a general view of sample HPS–Ru-0.74% after d-
lucose oxidation. Nanoparticles can be seen on the three other
icrographs (Fig. 3b–d), corresponding to each of the catalysts.
mall nanoparticles (mean diameter 0.5–0.8 nm) coexist with

ess numerous larger ones (mean diameter up to 3.0 nm) or some
ggregates. The presence of these clusters has been attributed to

he hydrophobic nature of the polymer matrix which hinders
o some extent a homogeneous distribution of the metal during
ts introduction in solution [11]. The overall mean diameter of
anoparticles in HPS–Ru-2.71% is measured to be 1.4 ± 1.2,

c
b
T

ig. 3. TEM micrographs for (a) HPS–Ru-0.74%–OX (general view), (b) HPS–Ru-0
f d-glucose oxidation.
ig. 4. XANES spectra of HPS–Ru samples and Ru reference compounds.

hile it is 1.0 ± 1.2 nm on the two other samples, less loaded in
uthenium and which do not contain particles larger than 2 nm.

.3. X-ray absorption spectroscopy

Fig. 4 shows the Ru K XANES spectra of Ru/HPS catalysts
fter 120 min of d-glucose oxidation and ruthenium references.
n both Ru/HPS samples investigated, Ru electronic state is close
o Ru4+, indicating the oxidic nature of the nanoparticles (see in
articular the position of the edge).
Indeed, Fourier transforms of the EXAFS signals (Fig. 5)
onfirm that the local environment around Ru is similar in
oth HSP–Ru-0.74%–OX and HPS–Ru-2.71%–OX samples.
he intensity of the scattering events from the nearest and next-

.05%–OX, (c) HPS–Ru-0.74%–OX and (d) HPS–Ru-2.71%–OX after 120 min
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ig. 5. FT transforms from the EXAFS signals of HPS–Ru samples and Ru
eference compounds.

earest neighbors is approximately the same. The first shell may
e readily fitted in both (k and r) spaces with an average coordina-
ion number of 5.0 ± 0.1 atoms of oxygen located at 2.05–2.06 Å
with a Debye–Waller factor σ2 of 6 × 10−3 Å2).

The small shift towards lower photon energies compared with
ure oxide, the decrease of the white line intensity (Fig. 5) and
he presence of weak scattering events at distances close to those
etected with Ru foil (Fig. 5) suggest though that Ru nanoparti-
les are not totally oxidic, and a metallic contribution may also
e present.

.4. CO adsorption DRIFT

Fig. 6 shows DRIFT CO spectra of ruthenium catalysts after
20 min of d-glucose oxidation. Infrared studies of CO sorp-
ion on ruthenium are not straightforward because Ru oxidation
tate tends to be modified in contact with CO, and stable mul-
icarbonyl species which give rise to sets of two or three bands
re formed. However, it has been reported that CO adsorption

oes not occur to a large extent on fully oxidized particles [22].
he detection of bands due to adsorbed CO thus lets us assume

hat nanoparticles in the pristine catalysts are not totally oxidic
ut also contain metallic species on the surface.

c
t
r
T

Fig. 6. DRIFT spectra of CO adsorbed on (a) HPS–
lysis A: Chemical 278 (2007) 112–119

The spectrum recorded on HPS–Ru-2.71%–OX (Fig. 6a)
xhibits two intense bands at 2002 and 2053 cm−1, in the area
ttributed to stable dicarbonyl species on ionic ruthenium (usu-
lly considered to be Ru(II) [22]). Upon CO desorption, only
he band at higher wavenumber remains. This can be interpreted
s the presence of linear CO bonded on Ru0 sites, which do
ot disappear upon decrease of the CO pressure, unlike dicar-
onyls. The same bands are observed for HPS–Ru-0.74%–OX
Fig. 10b), accompanied by a weaker band at 2147 cm−1. This
and, considered along with a contribution from the central band,
ould be ascribed to dicarbonyl species formed upon Ru ions of
xidation state higher than (II) [22].

In this hypothesis, the mixed-valence nanoparticles supported
n HPS–Ru-0.74%–OX, found by TEM to be slightly smaller
han on HPS–Ru-2.71%–OX, and could be present in a more oxi-
ized form than on the other sample. The band remaining after
vacuation could be assigned to CO adsorption on the larger par-
icles observed by TEM, which retain a larger metallic character
han the smaller ones.

.5. Influence of stirring rate on d-glucose oxidation

The stirring rate influence on d-glucose oxidation was inves-
igated through a correlation between the global TOF calculated
or a d-glucose conversion of 50% and the stirring rate, which
as varied from 100 to 1000 rpm (Fig. 7). The catalyst concen-

ration (Cc) was chosen as 0.0047 mol(Ru) L−1 and the substrate
oncentration (Co) as 0.44 mol(Glu) L−1 for the three experi-
ents. As it can be seen from Fig. 2, there are no mass transfer

imitations above 800 rpm. In consequence, all further experi-
ents were carried out at 1000 rpm.

.6. Effect of catalyst and d-glucose concentration

The influence of the catalyst and d-glucose loading was
xamined by varying Cc from 0.0047 to 0.012 mol(Ru) L−1 and
o from 0.44 to 1.11 mol(Glu) L−1. The reaction temperature
as 60 ◦C and the oxygen flow rate 0.018 m3 h−1. The reaction
urves for the three catalysts are presented in Fig. 3 as a func-
ion of the substrate-to-catalyst ratio q = Co/Cc. Decrease of q
esults in the appropriate increase of the reaction rate (Fig. 8a–c).
hese kinetic curves evidence the existence of a 10 min induction

Ru-2.71%–OX and (b) HPS–Ru-0.74%–OX.
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Table 3
Kinetic measurements for HPS-based catalysts

Catalyst TOF (mol mol Ru−1 s−1)a Conversion
(%)

Selectivity
(%)

HPS–Ru 2.71% 1.03 × 10−3 95.3 99.3
HPS–Ru 0.74% 1.13 × 10−3 99.4 99.8
HPS–Ru 0.05% 0.76 × 10−3 80.3 98.6

a TOF = C(Glu)α/(C(Ru)t × 100), where α is the conversion (%) and t is the
time (s).

F
s

Fig. 7. Dependence of TOF vs. stirring rate for HPS-based catalysts.

eriod with negligible d-glucose conversion, as was observed
or l-sorbose oxidation on Pt HPS-based catalysts [11]. It can
e seen from Fig. 3d that there is a strong correlation between
electivity to d-gluconic acid and substrate-to-catalyst ratios q.
he decrease of the ratio q leads to a substantial increase of the
electivity towards the formation of d-gluconic acid.

The highest TOF and selectivity were determined for
PS–Ru 0.74% at a catalyst concentration of 0.012 mol(Ru) L−1
nd a d-glucose concentration of 0.44 mol(Glu) L−1 (ratio
= 37.4) (Table 3). All further experiments were carried out in

hese conditions in order to reach maximum TOF and selectiv- Fig. 9. Dependence of selectivity on pH.

ig. 8. Dependence of d-glucose conversion vs. time on different catalysts: (a) HPS–Ru-2.71%, (b) HPS–Ru-0.74%, (c) HPS–Ru-0.05% and (d) dependence of
electivity toward d-gluconic acid formation for various substrate-to-catalyst ratios q and a conversion of 90%.
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F erature and (b) dependence of selectivity toward d-gluconic acid formation on the
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Table 4
Activation energy and preexponential factor for HPS-based catalysts

Catalyst Ea (kJ mol−1) k0

HPS–Ru-2.71% 39 9.6 × 104
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ig. 10. (a) Dependence of HPS-based catalysts activity on the reaction temp
eaction temperature.

ty. HPS–Ru 2.71% and HPS–Ru-0.05% exhibit lower turnover
requencies and selectivities than HPS–Ru 0.74%.

.7. Effect of pH

In order to investigate the pH influence on activity and selec-
ivity of d-glucose oxidation, the process was carried out at pH
anging from 1.4 to 11. NaOH and HCl solutions were used to
each extreme pH. Fig. 9 shows the effect of pH on the selectiv-
ty of d-glucose oxidation to d-gluconic acid at 80% conversion.

aximum selectivity is observed when the reaction is performed
t pH 6.5–7.2, in line with earlier report [18]. At pH lower than
and higher than 8, selectivity strongly diminishes. The pH

ange giving optimum selectivity was used in all the experi-
ents. More abrupt changes of selectivity and activity with pH

hange are observed for HPS-Ru 0.05% sample.

.8. Effect of reaction temperature

Fig. 10a shows that the reaction temperature has a strong
ositive effect on the activity of nanostructured catalysts, espe-
ially HPS–Ru 0.74%. The selectivity of d-glucose oxidation to
-gluconic acid between 30 and 60 ◦C remains close to 97–99%
n HPS–Ru 2.71% and HPS–Ru 0.74% but slightly decreases
rom 98 to 95% on HPS–Ru 0.05% (Fig. 10b). With a further
ise of temperature, the selectivity decreases strongly up to about
5% for HPS–Ru 2.71% and HPS–Ru 0.05%, but only to 92%
or HPS–Ru 0.74%. It means that selectivity of d-glucose oxi-
ation to d-gluconic acid is more stable on HPS–Ru 0.74% with
espect to reaction temperature.

.9. Activation energy of the reaction

To get an insight into the effect of polymer matrix and metal
oading on d-glucose oxidation, the activation energy of the reac-
ion was determined. The values of apparent activation energy

Ea) and preexponentional factor (k0) estimated for the three cat-
lysts are given in Table 4. Ea are very close for all the catalysts;
alues of 35–41 kJ mol−1 were also measured on Pt HPS-based
atalysts for l-sorbose oxidation [10,11]. It suggests that sim-

A

p

PS–Ru-0.74% 42 19.2 × 104

PS–Ru-0.05% 37 7.13 × 104

lar active sites are present on the three samples. However, the
ighest k0 value obtained on HPS–Ru 0.74% lets one assume
hat this sample exhibits the highest quantity of active sites.

. Conclusions

Ru-containing hypercrosslinked polystyrene systems with
ifferent loadings of metal are described in this paper. The for-
ation of nanoparticles seems to be restricted by the size of
PS nanocavities, limiting the size of the particles around a
ean diameter of 1.0–1.4 nm. The nanoparticles seem to have
mixed valence structure, with both oxidic and metallic com-
onents. No leaching of the active phase is noted during the
eaction. Catalytic activities and selectivities of the catalysts
owards the oxidation of d-glucose into d-gluconic acid have
een measured under a wide variety of reaction conditions.
he most active catalyst was found to contain 0.74 Ru wt.%.
he highest selectivity of d-glucose oxidation measured on this
ystem was 99.8% at 99% d-glucose conversion and the activ-
ty of the catalyst calculated as 1.13 × 10−3 mol mol−1 Ru s−1.
he synthesized catalysts have higher activity and selectivity
ompare to common used carbon based catalyst [19,20]. The
igh catalytic activity is attributed to the presence of pores of
ifferent sizes, which facilitate mass transport and the high sta-
ility is attributed to the presence of small mesopores that have
igh sorptional capacity and prevent the leaching of the active
hase.
cknowledgement
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