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Abstract

The heterogeneously catalyzed oxidatiomejlucose ta-gluconic acid over Au/C catalysts has been studied. A series of Au/C catalysts
were prepared by the gold sol method with different reducing agents and different kinds of carbon support providing Au mean particle
diameters in the range 3-6 nm. The activities of these catalysts with respegjlticose oxidation were compared, and several aspects
influencing activity, especially Au particle size, were discussed. The influence of reaction conditien30=90°C, pH 7.0-9.5) on the
kinetics of theD-glucose oxidation has been examined using the most active Au/C catalyst. By a detailed analysis of all reaction products
under different reaction conditions, a reaction network of bhglucose oxidation is presented, and a reaction mechanism-fucose
oxidation that explains the influence of pH on reaction rate is proposed. Ensurimyghatose oxidation takes place in the kinetic regime
(sufficient stirring rate and airflow rate), a semiempirical model based on a Langmuir—Hinshelwood-type reaction pathway is assumed. At
50°C and pH 9.5 kinetic parameters were calculated by an optimization routine. The resulting concentration conrgkEage and
D-gluconic acid were in good agreement with the experimental data. All experiments were carried out in a semibatch reactor under pH
control at atmospheric pressure.
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1. Introduction or on oxides [6] is the preferred catalyst for the oxidation
of functional groups (-OH, €0). Even when their mean

D-Gluconic acid is an important intermediate in the field gold particle sizes were similar, carbon proved to be more
of food industry and pharmaceutical applications and is usu- advantageous as a support than oxidic materials in the liquid-
ally produced by enzymatic oxidation ofglucose [1] with phase oxidation of alcohols and aldehydes. The gold sol
an estimated market of 60,000 tons per year [2]. Besides method is an easy and effective way of preparing highly ac-
this route, recent developments have shown the potential oftive carbon-supported Au catalysts with small gold particle
heterogeneous catalysts for oxidizing glucose with oxygen diameters (4-9 nm) [7-9]. The particle diameter can thereby
or air. Most of the catalysts are based on supported plat-be easily influenced by variation of certain preparation pa-
inum group metals, and various factors controlling activity rameters (reduction agent, concentrations of reagents [8],
and selectivity were studied. The main disadvantage is de-temperature [10]). By use of this preparation method, Au/C-
activation of the catalysts with increasing reaction time, i.e., catalyzed oxidation ob-glucose tob-gluconic acid in the
with conversion. Improvement of activity/selectivity and sta- aqueous phase has already been examined by Prati et al. [5].
bility can be achieved in the presence of a second metal in|y particular, the influence of pH value on reaction rate was
ex situ-prepared bimetallic catalysts (especially bismuth as gy,died in comparison with other catalysts based on Pt group
promotor) [3] and by the nature of the individual metal [4].  metals. Au/C was found to be the most active catalyst inde-
With respect to the latter, gold on activated charcoal [S] pendent of pH value, and it could be shown that the activity

of the Au/C catalyst was less sensitive to lower pH values.
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. : . HAuCl, / THPC HAuCl, / PVA
tion [11] and hydrogenation of sugars [12] and stimulated ’ N:(/)H / uNa‘é:-I‘; /
by the promising results of liquid-phase oxidation using

gold catalysts [5], we report first in this article the char- |Gold Sol

acterization of carbon-supported gold catalysts by transmis-
sion electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS) with the aim of studying the influence Tempering  Reduction
; . " - 350 °C/3h/He 350 °C /3h/H,
of gold particle size and surface composition on activity
and selectivity (structure sensitivity) of glucose oxidation
over gold catalysts. Then, we focus on the kinetics under
optimized reaction conditions (pH 9.3, = 50°C) which
has never been investigated before. For this purpose, Au/C
catalysts with different mean Au particle diameters were
prepared by the gold sol method using different reducing

agents (NaBH and tetrahydroxymethylphosphonium chlo- 5 1 5 1 THPC/NaOH methodH,0 (232 mL) was first
ride, THPC) and carbon supports. The kinetics of glucose yixed with (0.2 M) NaOH (7.5 mL), and afterward 5 mL
oxidation was estimated by appropriate experiments with typc (1.2 mL of the 78 wt% THPC solution was diluted
the most active Au/C catalyst at different glucose and cat- yith water to 100 mL) was added into the alkaline solution
alyst concentrations in the kinetic regime at*&and pH  hjle the mixture was stirred. After 2 more min of stirring,
9.5. Parameters of the semiempirical reaction rate, whichg HAUCls (0.043 M) was introduced into the solution.
was proposed assuming a Langmuir-Hinshelwood model, Formation of the gold sol (brown color of solution) occurred
were calculated by an optimization routine. immediately. Then, 5 g carbon was suspended in 500 mL
H»0 and agitated for 15 min in an ultrasonic bath. The gold
sol was then added to the support suspension.

Immobilisation on the support

Scheme 1. Overview of the preparation/activation procedure.

is illustrated in Scheme 1. The amounts of the reagents given
in the text were calculated in order to prepare 5 g Au/C cat-
alyst with an Au loading of 1 wt%.

2. Experimental
2.1.2.2. PVA/NaBK method HAuCl; (0.0877 g, 258

2.1. Catalyst preparation mmol) was dissolved in 1.725 L #D and then, while the
mixture was stirred, mixed with 4 mL PVA solution (2 wt%).
2.1.1. Reagents Afterward, 10 mL NaBH (0.1 M) was dropped into the

THPC (78 wt%), polyvinyl alcohol (PVA) £ 98%), and mixture. Again, the formation of the gold sol occurred im-
NaOH (0.2 M) were purchased from Merck and HAgClI = mediately. Then 5 g carbon was added to the gold sol.
3H20 (99.99% ACS, Au 49.5% min.) from Alfa Aesar. Two Both with the THPC/NaOH method and the NaBFAVA
types of carbon supports were used, namely, Black Pearlsmethod, immobilization of the gold sol on the support
2000 (GP3755) and Vulcan XC72R (GP3759), which were was completed after 1-3 days. During this time the gold
kindly listed by CABOT GmbH. Characteristic support data sol became colorless. The adsorbed support was then fil-

are listed in Table 1. tered, washed with water to free the filtrate of chloride
(AgNO;3 test), dried, and mortared. The organic scaffold
2.1.2. Preparation procedure was removed from the support by inert gas treatment

Au/C catalysts were prepared by the gold sol method with (3 h/350°C/He). The catalysts were activated by a reduc-
two different types of reducing agents, NaBHnd THPC,  ing process (3 h/35TC/Hy).
which lead to small Au patrticle sizes as reported in [7-10].
Depending on the reduction agent used, the preparation2-2. Catalyst characterization
methods are slightly different as described in the literature.

The principle of the preparation procedures described below ~ The metal content of the Au/C catalysts was determined
by optical emission spectroscopy with inductive coupled

Table 1 plasma (ICP-OES). For this purpose the samples were solu-
Characteristic data of the carbon supports ésed bilized in aqu.a regl_a (HC/HNG).
Mean particle diameters of the gold on the carbon sup-

Property Black Pearls 2000 Vulcan XC72R o1t were determined by TEM analysis. The samples were
- GP3755 GP3759 dispersed in isopropanol, agitated in an ultrasonic bath, and
;?gﬂgg;“\ﬁﬁ;irﬁnig;g) %)6:95 g‘é‘z deposited on a commercially available Cu support net (grid
lodine number (mgg) 1400 253 300, EIano)._Partlcle size of_the reduced_ sample_s was exam-
Total sulfur (%) 1.0 0.5 ined in the light- and darkfield modes in association with
pH 9.5 6.0 selected area electron diffraction (SAED) with a JEM 100C
+325 mesh residue [max ppm] 200 25 (100 kV). Mean particle diameters were calculated on the as-
Density (gL) 150 210 sumption of a logarithmic normal distribution of the particle

@ pata from manufacturer [23]. sizes.
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X-Ray photoelectron spectra were obtained with a VG Table 2
ESCALAB 220 iXL equipped with a monochromated Al;K Au content of the prepared Au/C catalysts resulting from ICP-OES analysis

radiation source (1486.6 eV) and pass energies of 150 eVcatalyst Au content (wt%)

(overview spectra) and 25 eV (high-resolution mode). De- au/c gP3755 PVA 0.60

tails of both the procedure applied to the gold catalysts and Au/C GP3759 PVA 0.42

the data evaluation were published recently [13]. Peak posi-AWC GP3755 THPC 0.70
Au/C GP3759 THPC 0.48

tions could be determined with a precisiorded.1 eV. Gold
catalysts were analyzed as prepared and after two different

pretreatment procedures, i.e., heating in flowing argon anddiscrepancy between the calculated and analyzed Au con-
hydrogen at 3560C. This pretreatment was carried out in  tent can be explained by a nonquantitative immobilization of

a gas cell integrated into the lock of the system at the de- the gold sol on the support, probably depending on the mi-

sired temperature and in the gas flux. Thus, it was possiblecrostructure and chemical composition of the carbon varying

to transfer the sample from this gas cell to the UHV analy- both the distribution of the gold particles and their interac-
sis chamber without air contact. The pressure in the analysistion with the support.

chamber was below & 10~° Pa. TEM images of the catalyst surface are shown in Fig. 1
o o together with the average gold particle diameter and its stan-
2.3. Liquid-phase oxidation of glucose dard deviation. The catalysts contain nanosized gold parti-

cles in the range 3 to 6 nm. By variation of the preparation
Catalytic runs were carried out in a 250-mL five-necked method (PVA/NaBH vs THPC/NaOH, see Section 2.1.2)
glass reactor. The reactor was equipped with several inletsand use of the same support (GP3755 or GP3759), gold par-
and detectors to monitor the reaction conditions. During the ticle diameter decreases as shown in Fig. 1 by comparing
experiment, the temperature of the three-phase reaction mix-the upper and lower TEM images. A more striking decrease
ture and the pH value (pH electrode from HANNA Instru- in gold particle size was observed when only the carbon
ments), which also depends on temperature, were indicatedsupport was varied for the same preparation method ap-
By a drop funnelfilled with NaOH solution (4 wt%), the pH  plied (compare left- and right-hand side images in Fig. 1).
value could be maintained at a certain value. Air was bub- Generally, the results of TEM analysis clearly show that
bled through the reaction mixture at a constant flow rate at the mean Au particle size is considerably smaller on the
atmospheric pressure. The reactor was additionally equippedcarbon support GP3759 (Vulcan) than on GP3755 (Black
with a cooler, so that any evaporation of the liquid phase Pearls), independent of the catalyst preparation method ap-
could be neglected. A hotplate equipped with a stirrer pro- plied.
vided the heat needed to achieve the desired reaction tem- \Whereas the characterization of oxide-supported gold
perature and an intensive mixing of the reaction mixture.  catalysts by X-ray photoelectron spectroscopy exhibited pro-
A typical catalytic run was carried out with 100 mL  nounced shifts in Au 4/, binding energy to lower val-

D-glucose solution (4 wt%) and 432 mg Au/C catalyst (mo- ues [13] compared with the binding energy of metallic gold
lar ratio of D-glucose to Au: 1000). Both the catalyst and the (84.2 eV [14]), XPS measurements on the carbon-supported
D-glucose solution were first mixed together, and at a low gold catalysts in this study gave an average value dfB
stirring rate the mixture was heated to the desired temper-0.05 eV for binding energy, independent of the pretreatment
ature. The reaction was started by accelerating the stirringmethod applied. This corresponds to the value of metallic
rate, switching on the air supply, and adjusting to a certain gold.
pH value by dropping an adequate amount of NaOH solu-
tion. During the whole reaction, pH was kept at the desired 3.2. Optimization of the reaction conditions
value by continuous NaOH drop. The products of the reac-
tion mixture at different reaction periods were quantitatively 3.2.1. Reaction temperature

analyzed by HPLC (Bio-Rad, Aminex HPX-87H). The reac- The influence of reaction temperature (other reaction con-
tion was complete when there was no significant change of ditions remained constant) on the reaction rate-glucose
pH value. oxidation was estimated at an alkaline (pH 9.5) as well as

neutral (pH 7.0) pH value. The catalyst used was Au/C
GP 3759 THPC, which had proved to be particularly ac-

3. Results tive in previous experiments. The initial reaction rates of
D-gluconic acid formation at different reaction temperatures
3.1. Catalyst characterization and pH values are depicted in Fig. 2. An optimal tempera-

ture range was found at which the reaction rate increased as
Gold content of the prepared Au/C catalysts is summa- high as possible. This range is around®&0at pH 9.5 and
rized in Table 2. According to the ICP-OES analysis, the 60°C at pH 7.0. The decrease in reaction rate@afluconic
amount of gold on each support, independent of the prepa-acid formation at higher temperatures can be explained by
ration method, was less than 1 wt% (0.42—-0.70 wt%). The the side reactions af-glucose in the aqueous phase which
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Au/C GP3755 PVA _Au/C GP3759 PVA

d, =(6.1+0.2) nm

Au/C GP3755 THPC

d, =(5.0£03) nm d, =(33+04)nm

Fig. 1. TEM images and mean gold particle diameters.
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Fig. 2. Initial reaction rates ab-gluconic acid formation at different reac-

tion temperatures and pH values (catalyst: Au/C GP3759 THPC). Fig. 3. Formation of by-products at pH 7.0 300 min) and pH 9.5

(r = 60 min) as a function of reaction temperature (catalyst: Au/C GP3759
THPC).

are favored at higher temperatures and pH values, as shown

in Fig. 3. Therefore, significant by-productsmfglucose ox- selectivity tob-gluconic acid with increasing temperature is
idation are fructose, mannose, glycolaldehyde, sorbitol, andshown in Fig. 4. At alkaline pH values, the degree of depen-
maltose as described in the reaction network of glucose ox-dency of the reaction rate and selectivitytagluconic acid
idation given in Section 4.3 (cf. Fig. 11). The decrease in on temperature is higher than at lower pH values.
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Table 3
Calculated Au specific surface areas of different catalysts based on ICP-

E OES and TEM results
.‘%' Catalyst Aspec (m2/g)
: Au/C GP 3755 PVA 51.0
& Au/C GP 3759 PVA 84.0
Au/C GP 3755 THPC 62.2
Au/C GP 3759 THPC 94.2
3.0
2.8- s /-
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Fig. 5. Initial reaction rates ab-gluconic acid formation and selectivities
to D-gluconic acid (pH 9.5 and” = 50°C), as a function of specific Au
surface area#p, GP37558, GP3759.

D-glucose oxidation at 50C and pH 9.5, as these values
Fig. 4. Selectivity tob-gluconic acid (top) and conversion of glucose represent the optimized reaction conditions with respect to
(bottom) at different pH and temperature values (catalyst: Au/C GP3759 reaction rate and selectivity as presented above. The goal
THPC). was to find a correlation between catalytic activity and

Au particle diameter which has not been investigated so
3.2.2. pHvalue far.

Au catalysts are less sensitive to lower pH values with ~ Because the Au contents of the catalysts differ widely
respect to their activity in the oxidation af-glucose than (Table 2), catalytic activity could not be correlated only
catalysts based on Pd group metals according to [5]. Aswith Au mean particle diameter. Therefore, specific sur-
shown in Fig. 2, the reaction rate ofgluconic acid for- face area Aspeg Of the active component of each cata-
mation could be strongly increased at alkaline pH values. lyst was calculated based on the results of ICP-OES and
By increasing the pH value of the reaction mixture from 7.0 TEM analysis by assuming closed-shell gold particles of
to 9.5 (I = 50°C), the initial reaction rate ob-gluconic nearly spherical shape [15] (Table 3). As the distribution
acid formation could be accelerated by a factor of 3.2. An of the particle diameter of each catalyst was nearly sym-
important drawback of this phenomenon is the decrease inmetric, mean particle diameters were used to calculate the
selectivity toD-gluconic acid at higher pH values (Fig. 4), specific surface areas. Initial reaction ratesbefjluconic
mainly by isomerization ob-glucose to fructose. However, acid formation and selectivities tb-gluconic acid as a
in contrast to the results presented in [5], the activity of Au/C function of specific surface area are illustrated in Fig. 5.
catalysts in the present study exhibited significant depen-In the field examined, catalytic activity correlates expo-
dence on the pH value. nentially with specific surface area, whereas selectivity to

D-gluconic acid does not change with increasing specific
3.3. Influence of the Au particle diameter on the catalytic =~ surface area. According to the results presented, there must
activity be a particle size effect of Au/C catalysts in the aqueous-

phase oxidation ob-glucose tob-gluconic acid and, thus,

Catalytic activity of catalysts with different mean Au the structure sensitivity of the reaction is satisfactorily
particle diameters (Fig. 1) was examined with respect to shown.
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Fig. 7. Initial reaction rates ab-gluconic acid formation and selectivities

M., oM to D-gluconic acid { = 30 min) at different initialb-glucose concentrations

(T =50°C, pH 9.5, catalyst: Au/C GP3759 THPC).
Fig. 6. Initial reaction rates af-gluconic acid formation at different catalyst

concentrations = 50°C, pH 9.5, catalyst: Au/C GP3759 THPC).
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3.4.1. Influence of catalyst concentration amgjlucose
concentration on reaction rate :
To ensure that the reaction rate is not limited by mass G+ 2AWC — GS+ 2HAUC
transfer at the phase boundaries, the effects of stirring rate as
well as airflow rate on reaction rate were examined &G0
and pH 9.5. It was found that at stirring rates higher than gig g p-Glucose oxidation over Au according to the Langmuir-
900 rpm and airflow rates higher than 1600 fmiin, the Hinshelwood model.
overall reaction rate is not limited by external mass transfer
(diffusion). Kinetic measurements with varied catalyst and
D-glucose concentrations were therefore carried out at a stir-
ring rate of 900 rpm and an airflow rate of 2000 ynhin.

2HAUC + 120, —» AulC + H0

tive dehydrogenation mechanism commonly passed in the
liquid-phase oxidation of alcohols and aldehydes is well es-

The influence of catalyst concentration on the reaction rate t2Plished in the literature [16] and was also adopted in the
of b-gluconic acid formation at 58C and pH 9.5 with the oxidation ofb-glucose. Sorption of the-glucose hydrate on
AU/C GP3759 THPC catalyst is presented in Fig. 6, which the catalyst surface is represented by the sorption constant

demonstrates the asymptotic dependence of reaction rate oG Whereask is the rate constant for the dehydrogena-
catalyst concentration. tion reaction on the catalyst surface akids is the sorption

Initial reaction rates ob-gluconic acid formation and se- ~ constant ob-gluconic acid. Hydrides bound to the catalyst
lectivities to D-gluconic acid at different initiab-glucose surface as a consequence of dehydrogenation of the substrate

concentrations are shown in Fig. 7. Obviously the depen- subsequently react with dissociatively adsorbed oxygen to
dence of reaction rate on initia-glucose concentration is  form water, which is desorbed. The oxidation reaction of
negligible. If the overall reaction rate af-glucose oxida- the hydrides should be fast compared with the dehydrogena-
tion was limited by adsorption af-glucose on the catalyst tion reaction. Thus, the whole reaction mechanism can be
surface, the reaction rate should show a strong increase withfeéduced to three elementary reactions, namely, adsorption of
increasing initialb-glucose concentration. According to the D-glucose, surface reaction pfglucose, and desorption of
results presented here, the overall reaction rate is limited bygluconic acid.

the surface reaction or the desorptionmfluconic acid. According to the results presented in Section 3.4.1, it
As the isomerization ab-glucose to fructose increases with Was ruled out that the reaction is limited by adsorption of
increasing initialb-glucose concentration, the selectivity to  D-glucose on the catalyst surface. As all kinetic experiments

D-gluconic acid slightly decreases. were performed in an alkaline medium, the desorption of
gluconic acid should also be faster than the surface reac-
3.4.2. Kinetic model tion [10,17]. Thus, it can be concluded that the surface reac-

Oxidation ofD-glucose in the aqueous phase over Au/C tion is the rate-determining step of the overall reaction and
catalysts with oxygen can be described by a Langmuir— is expressed in the equation
Hinshelwood-type model which is schematically repre-
sented by the catalytic cycle shown in Fig. 8. The oxida- rsyurface=ror = k160G — k—_16Gs. (1)
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Consequently, the other elementary steps are in equilibrium,4. Discussion

rsorG = rsorcs =0, 2) 4.1. Influence of reaction conditions on kinetics
and the overall reaction rate ofgluconic acid formation The effect of temperature on reaction rate and selectiv-
can be expressed as ity to D-gluconic acid was examined with the catalyst Au/C
GP3759 THPC at pH 7.0 as well as at pH 9.5. In both
diGS k1Kg[G] cases, the highest reaction rates were obtained in the tem-
"OR= T T 1+ Ko[Gl] + KogGS) - Mc. ®) perature regime 50 to 6@, while the temperature has a

more important effect on the reaction rate at higher pH val-
Because the rate of conversion mfglucose is faster than  yes. According to ICP-OES analysis of the product solu-
the rate of formation ob-gluconic acid due to additional  tions obtained after glucose oxidation, Au leaching could be
side reactions, the latter were considered by a further kinetic neglected within the detection limit of the method applied
term in the overall reaction rate ofglucose consumption: (< 2 mg/L) at any reaction temperature. Thus, a decrease
in activity caused by catalyst deactivation, i.e., by loss of
_diG] KGki[G] - Mc + kp[G] 4) metal, with increasing reaction temperature can be excluded.
df ~ 1+ Kg[G]+ Kgs[GS] ¢ APl In the literature [5], analysis of fresh and used catalysts re-
) . ) vealed leaching of gold when the oxidation was carried out
Taking the selectivity of the reaction at 50 and pH 9.5

e at pH 7, whereas no leaching was observed at pH 9.5. In
and already calculated values of kinetic parameterstor  yho hresent study, however, no correlation of the dependence
glucose oxidation over Pd/AD3 catalysts [18] (Table 4)

5 - of the reaction rate on pH value with Au leaching could be
into account, the empirical constait was suggested to be ¢4 nq hased on ICP-OES analysis. The temperature effect
6 x 10~° s*. The product ofKc andky was expressed as  cap pe explained by the following phenomena. At both pH
kox in the program code for the optimization routine. Initial 7 9 gng pH 9.5, selectivity to-gluconic acid decreases with
values for the parameter optimization are from the litera- jycreasing temperature due to side reactions, as discussed
ture [18]. Fig. 9 presents the kinetic parameters determined;, section 3.2.1. Moreover, another aspect that has to be
and the concentration coursesmglucose and-gluconic  taken into account is the solubility of oxygen in water, which
acid calculated, which are in good agreement with the ex- decreases with increasing temperature [19]. Thus, the con-
perimental data obtained at 50 and pH 9.5 with the Au/C  centration of oxygen in the aqueous phase should limit the
GP3759 THPC catalyst. overall reaction rate ob-glucose oxidation at higher reac-
tion temperatures. On the other hand, at lower temperatures,
the reaction is limited by kinetics as shown in Fig. 2.

Table 4 The pH value of the reaction mixture has a crucial ef-
Kinetic parameters af-glucose oxidation over Pd/AD3 catalysts at 50C fect on the reaction rate af-gluconic acid formation. The
and pH 9 [18] reaction rate clearly accelerates with increasing pH value.
kox="7.9x 107 59*15*1 . A possible explanation for this phenomenon is the neglect
K =1380x 107" Lmmol™ of catalyst deactivation by self-poisoning in alkaline solu-

Kgs=2790 x 1074 Lmmol~1

tion, asD-gluconic acid is then deprotonated and, thus, no
longer capable of blocking active centers on the catalyst sur-
face [3,4,17]. Fig. 10 illustrates the concentration courses of

- D-gluconic acid and temporal reaction ratesbe§luconic

T 2004 N i 4 acid formation at 50C and pH 7.0 or 9.5, respectively. After

£ el L il certain reaction periods which correspond to the same con-

§ % *\\ P version degrees at different reaction conditions, the decrease

T} E W "_/K\_‘ in reaction rate at pH 7.0 was greater than at pH 9.5, namely,

E = s : \ by a factor of nearly 2. Thus, significant catalyst deactivation

§ il % by self-poisoning should be taken into account when the re-

o action is not performed in an alkaline reaction medium. On
the other hand, selectivity tp-gluconic acid decreases at

0 2000 4000 6000 8000
t[s]
kox=71x10*Lg 1s1, Kg=4.9x 10° Lmmol1,
Kgs=7.2x 10° Lmmol~1, k1 = 4.6 x 1073 mmolg~1s~1

higher pH values % 9.5) as a result of isomerization and
irreversible by-product formation catalyzed in alkaline solu-
tions (Fig. 11).

If, however, only self-poisoning was responsible for the
Fig. 9. Comparison of calculated (—) and experimentlopncentrations different catalytic activities at different pH values, reaction
versus time ob-glucose ana-gluconic acid { =50°C, pH 9.5, catalyst: rates at the beginning of each experiment should be at least
Au/C GP3759 THPC) and kinetic parameters. similar without consideration of the pH value, because at the
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ied by calculating specific Au surfaces and correlating them
with the initial reaction rates. A significant dependence of
catalyst activity in the oxidation af-glucose in the aqueous
phase on specific Au surface area and, hence, Au particle
diameter could be shown (see Fig. 5). Such a dependence
can usually be related to differences in the adsorption be-
havior of the reactant on different crystal sites. As the metal
particle size decreases, the relative proportions of surface
atoms on corners and edges increase, implying the adsorp-
tion/hydrogenation ob-glucose, probably via the carbonyl
group, on these highly exposed sites. Indeed, the latter were
identified as active sites for the gold-catalyzed hydrogena-
tion of the C=0 bond of unsaturated aldehydes [20].
Although the observed rate enhancement of glucose oxi-
dation with increasing specific Au surface area (i.e., reduc-

Fig. 10. Temporal concentration and reaction rate courses at pH 7.0 and 9.5tjon of particle size) is the expected sympathetic behavior, it

andT =50°C. Catalyst: Au/C GP3759 THPC.

has to be noted that structure sensitivity can be caused by a
cooperative effect of particle size, degree of rounding, and

early stages of the reaction deactivation of catalyst should portion of multiple-twinned particles as shown by our group

not yet occur. According to Fig. 10, the initial reaction
rates differ significantly (3.15 mmolt! min—t at pH 9.5 vs
1.00 mmol "t min—! at pH 7.0). These data indicate that
higher pH values obviously also favor the adsorptiomef
glucose on the catalyst surface or the surface reaction.

4.2. Effect of Au particle size on catalyst activity

in a recent study with oxide-supported gold catalysts [21]. To
elucidate structure sensitivity in terms of gold particle mor-
phology, high-resolution transmission electron microscopy
should be involved in further studies.

Furthermore, it is important to mention that in this study,
focusing only on the particle size effect, different kinds of
support materials and reducing agents (THPC and NaBH
were used to prepare gold catalysts with various Au parti-

Although the intent was to prepare Au/C catalysts with cle diameters; the trends were reported in Section 3.1. In

the same metal loading (1 wt%), the values of Au content principle, the generation of particle size itself can be in-
analyzed by ICP-OES differed widely (0.42-0.70 wt%). As fluenced by the type of support and the reducing agent.
a result the structure sensitivity of glucose oxidation over Au However, from the rates af-gluconic acid formation, using

could not be reliably correlated with the mean particle size of the catalysts Au/C GP3759 PVA and Au/C GP3759 THPC,
the metal without considering Au loading. Thus, the effect of we observed that gold particles with diameters of 3.7 nm

Au particle diameter on the activity of the catalyst was stud- (Aspec= 84.0 m?/g) and 3.3 nm Aspec= 94.2 N¥/g) (see

HO
H HO H
5 : 2
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H
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[OJ[OH] H, H,
- HO H = H OH
H /&w e £ —[Ok H%O/%
Qo H < Ho ~ H
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> \iH + \é: <
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Fig. 11. Reaction network of the heterogeneously catalyzgtlicose oxidation reaction in alkaline solution and at higher temperatures.
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Fig. 1 and Table 3) gave rise to different activities (see Fig. 5) at higher reaction temperatures and pH values and reacts fur-
depending on the reducing agent (NaB¥s THPC) but not ther, as shown by our HPLC analysis, mainly to glycolalde-
on the support (Vulcan, which was identical in both cases). hyde, glyceraldehyde, and dihydroxyacetone. These reaction
Nevertheless, for a more reliable examination of particle size pathways are probably a kind of retro-aldol reaction. To our
effect, one should use the same support material and theknowledge, in this study the formation of sorbitol, a well-
same reducing agent and prepare the catalysts under differknown reaction product of the hydrogenation of glucose over
ent preparation conditions. This could be achieved, e.g., by precious metal catalysts [12], has been reported as another
variation of the concentration of the reducing agent or, as side reaction irb-glucose oxidation at higher temperatures
shown recently by us [21], by variation of pretreatment time and pH values, for the first time. This phenomenon is impor-
and temperatures, leading to variation in Au particle size; tant evidence of the oxidative dehydrogenation mechanism
however, this can be accompanied by a change in particlealready mentioned in Section 3.4.2 which is passed in the
morphology. formation of gluconic acid. According to the reaction mech-
Note also that each carbon support itself seems to affectanism of aldehyde oxidation to acids already proposed [16],
differently the reactivity of the same gold particle size, in- the following reaction steps should be considered, and are
dicating a specific metal-support interaction as shown for presented in Fig. 12. In the aqueous phasglucose ex-
the liquid-phase oxidation of ethylene glycol by a combi- ists in the pyranose form with 99.9% and in the open chain
nation of XPS and activity data of catalysts differing only structure with 0.1%. The open-chainglucose converts in
in carbon support [22]. From XPS investigation of the gold aqueous solution into the hydrate which should be stable
catalysts in our study, the atomic AQ ratios, based on cor-  becaus®-glucose is a very instable aldehyde. After adsorp-
rected intensities of the Au®,» and C & signals, were  tion on the catalyst surface, the hydrate is dehydrogenated
calculated. However, regardless of the pretreatment proce-and eventually desorbed. The desorption of gluconic acid is
dure (as prepared or heated in argon or hydrogen atGpR0  thereby faster if the substrate is deprotonated (pH.0);
the average ratio was considerably higher for gold supportedotherwise catalyst deactivation by self-poisoning cannot be
on Vulcan-type carbon(6.2 + 1.0) x 1074, than for gold neglected. Another reason for the pH dependence of reaction
on Black Pearls(3.5+ 0.3) x 10~4, indicating primarily a rate is formation of the hydrate, which is faster in weakly al-
higher gold dispersion of the former according to the TEM kaline or acidic media. Because in acidic media, the overall

results gay = 3.3 and 3.7 nm for Au on Vulcan v, = 5.0 reaction rate should be limited by desorptionbegjluconic
and 6.1 nm for Au on Black Pearls). acid, a weakly alkaline solution should be preferred. Hy-

drides bound to the surface react with adsorbed @iform
4.3. Reaction network ab-glucose oxidation water, which is also desorbed.

The reaction rate of sorbitol formation correlates with the
The selectivity of the liquid-phase oxidationmfglucose catalytic activity concerning-glucose oxidation which is
as a polyfunctional molecule to-gluconic acid depends an important hint for the above-postulated reaction mech-
greatly on the correct choice of reaction conditions. If the anism. The formation of sorbitol can be explained by a
reaction temperature and pH are too highx 70°C, pH partially hydride-covered catalyst surface as an immediate
> 9), a number of side reactions bfglucose, presented in  consequence of the oxidative dehydrogenation mechanism.
Fig. 11, have to be considered. In experiments carried outBecause the degree of hydride coverage should correlate
at higher pH valuesx 7.0), formation of fructose occurred  with the catalytic activity concerning-glucose oxidation,
at any temperature. Formation of mannose occurred only atit is not surprising that the reaction rate of sorbitol formation
higher temperatures-(70°C) and higher pH values<(9.0). correlates with the reaction rate pfgluconic acid forma-
D-Glucose as well as its isomerization products are not stabletion. The formation of sorbitol can certainly not be explained

H._ /O
OH  OH
Q +H,0_ HO.___OH HO. _OH HO. __O
; B ] — S o i C” +2H
R —OH R (in solution) R (adsorbed) R (adsorbe
D-glucopyranose —OH u
—OH

open-chain dehydrogenation

D-glucose

desorption
HZOadSOI‘bed

2H +0 H,0

adsorbed adsorbed

Fig. 12. Simplified reaction mechanism of the heterogeneously catatyzpacose oxidation.
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250

by a Cannizzaro-like side reaction bfglucose in solution,
because only aldehydes without hydrogem position are s ]
subject to the Cannizzaro reaction in strongly alkaline solu- \éw
tion.

150

Glucose [mmolll]

4.4. Kinetic model

First, it was proved that the kinetic experiments were per-
formed under reaction conditions (sufficient stirring rate,
airflow rate) at which by external mass transfer at the 1000 2000 300 4000 5000 6000
phase boundaries does not limit the overall reaction rate. t[s]

Then the rate-determining step according to the Langmuir— @

Hinshelwood model was indicated by studying the influence
of different catalyst concentrations and initintglucose
concentrations on the reaction ratemfjlucose oxidation.
Although the reaction rate correlates with catalyst concen-
tration, the rate-determining step of the heterogeneously £ *
catalyzed reaction cannot be stated, as all elementary stepsg
according to the Langmuir-Hinshelwood model (adsorption, 2
surface reaction, and desorption) can be influenced by cata-
lyst concentration. In another series of experiments, it could
be shown that the reaction rate does not significantly change e
at different initial D-glucose concentrations. Therefore, it 1900 2000 3000 40bo 5000 8000
could be proved that adsorption of the substrate on the cat- tls]

alyst surface is certainly not the rate-determining step. A ®)

detailed differentiation, by experiments, of whether the sur-
face reaction or the desorption ofgluconic acid is the
rate-determining step has not been carried out yet. Because ]
at lower pH values € 7.0) the catalyst is deactivated by
self-poisoning [17], desorption af-gluconic acid should
certainly not be a rate-limiting factor, if the reaction is run
in an alkaline medium as it was in our kinetic experiments.
The overall reaction rate should therefore be limited by the |
surface reaction and can be described by the semiempirical ~~—
model according to Egs. (3) and (4). Thus, it was assumed ; e g
that the equilibrium of the surface reaction is widely on the 1008 200 ;[fj 000 S0 2
product side. ©

To check the reliability of the kinetic parameters deter-
mined, the latter were varied and the resulting temporal con-rig. 13 concentration courses ofglucose at varied kinetic parame-
centration profiles ob-glucose were compared (Fig. 13). ters: (@)kox = 63.3 x 103-77.9 x 103 (k; = 13 x 1073-15x 1073).
The degree of variation of the kinetic parameters was al- (b) Kg =4x 10°-5x 1(°. (c) Kgs =67 x 10°~76x 10%.
ways the same, so that the effect of the parameters on the
concentration profiles af-glucose could be estimated more
reliably. If the value ofkpy is changed, the degree of de- 250+

250

olf]

k
&
S

150

100+

Glucose [mmold]

kox (k1) should be credible.

If the sorption equilibrium constankg is varied, the
change in the concentration profilesmfjlucose is less dis-
tinctive. If one wants to determine a reliable value f&g,
above all the transition areas of the concentration profiles
of D-glucose ana-gluconic acid according to Fig. 14 have
to be analyzed precisely by a large number of HPLC sam- Fig. 14. Transition area (marked) of the concentration coursesgificose
ples. In this transition area theglucose concentration has andb-gluconic acid.

viation of the calculated concentration profiles will be very § an0f5
high. In particular, the slope of the concentration profile at ¢ o \\
the beginning of the reaction dependskeyy. Provided that §% ’ . A
this slope is accurately determined, the calculated value forg € 0%
SE f &
8
E
G}

I T | |
0 2000 4000 6000 8000
t[s]
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To check the optimization routine, initial values for the [G]L/[GS|L D-Glucoseb-gluconic acid concentration;,
kinetic parameters were varied widely and their influence on [G]s/[GS|s D-Glucoseb-gluconic acid concentration on
the calculated parameters was analyzed. The resulting con- the catalyst surface;
centration courses were all in good agreement with the ex-kadsc/kdesc Adsorption/desorption constant bfglucose;
perimental data. It is notable that the adsorption constant ofk1/k—1 Reaction rate constants of the surface reaction;

D-gluconic acid was always smaller than thate§lucose. kdesGs/ kadscs Desorption/adsorption constantmigluco-

Furthermore, the values calculated farwere always simi- nic acid,;

lar independent of the model applied. kp Empirical reaction constant of side reactionef

glucose;

0G D-Glucose coverage grade of catalyst surface;

5. Conclusions 0Gs D-Gluconic acid coverage grade of catalyst surface;
rsurface Reaction rate of surface reaction;

This investigation highlights the following points: FOR Overall reaction rate;

_ _ _ _ rsorc Rate ofb-glucose sorption;

() Nanosized gold particles in the range of 3-6 nm pre- rg,,gs Rate ofb-gluconic acid sorption;
pared on Black Pearls and Vulcan-type carbons are ac- p¢ Catalyst concentration;
tive in liquid-phase oxidation ab-glucose to gluconic  x Conversion ob-glucose;
acid. The most active gold catalyst had a specific gold § Selectivity top-gluconic acid.
surface area of 94.2%yig.
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