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ABSTRACT

Gold nanoparticles have been proved to act as oxidation catalyst for glucose oxidation,
offering a “chemical” synthetic route to gluconic acid and gluconates - nowadays commercially
produced by an enzyme catalyzed oxidation. Our investigations of the gold catalyzed oxidation
route showed that gold nanoparticles produced by a modified Turkevich method have a high
activity for this pseudo-homogenous catalytic reaction. Under mild reaction conditions, glucose
could be oxidized in good yields (~70%) and the resulting gluconate could be isolated by
column chromatography and precipitation as calcium salt. The catalytic oxidation reaction was
found to follow the first-order kinetic with a rate constant of 4.95 h-1, in good agreement
with previous finding. The underlying reaction mechanism is discussed, assuming that the
formation of  a gold-glucose cluster intermediate is a key catalytic step. Several structures of
the gold-glucose intermediates were examined using density functional theory methods.
The molecular behavior of glucose adsorption in gold colloid solution is present.
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1. INTRODUCTION

Gold nanoparticles (Au NPs) as highly
effective green catalysts for oxidative
processes have become a research topic of
wide-spread interest in recent years [1-5],
representing a bridge between homogeneous
and heterogeneous catalysis. Au NPs are
among the most popular metal nanoparticles
due to their stability and fascinating properties.
They have applications in very important fields
such as catalysis and medicine [5,3,6].

Catalysis by Au NPs has been emerged
by the discovery of gold nanoparticles as
highly active supported catalysts for oxidation
of CO into CO2

 by atmospheric air [7]. Since
then, much effort has been tried to understand
the catalytic activity of Au NPs [8-10]. With
high potency of Au NPs, they have attracted
many industries utilizing metal-catalyzed
chemical processes. Among those reactions,
the gold-catalyzed oxidation of glucose to
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gluconic acid by Au NPs has received much
attention in recent years [11-14,10,15].
In addition, the glucose-gluconic acid
oxidation reaction have shown to be a
promising “chemical” synthetic route to
sodium gluconate [14], which is commercially
produced by a fermentation process [16],
making a catalytic chemical reaction of high
industrial interest. The product gluconic acid
is an important compound with cation
complexing abilities and is used as additive
with many applications in the pharmaceutical,
food and detergent industry as mild, non-toxic
acid [16].

The glucose oxidation can be efficiently
catalyzed by using supported and unsupported
Au NPs. The carbon-supported gold catalysts
have been widely used for the liquid-phase
oxidation of glucose due to their high activity
compared to conventional catalysts. Biella
et al. [15] firstly used the carbon-supported
Au NPs as catalysts for aerobic oxidation of
D-glucose, exhibiting a much higher activity
than the conventional platinum and paladium

based catalysts. Further work by nal et al.
[14] found that D-glucose oxidation to
D-gluconic acid over Au/C catalysts is
structure sensitive. The kinetics of glucose
oxidation to gluconic acid with Au/Al

2
O

3

catalyst has also been reported by Pr βe and
co-workers [11] with a modified oxidative
dehydrogenated mechanism proposed.
Despite the rare use of unsupported colloidal
gold catalyst compared to those supported
catalysts, it was found that catalysis by colloidal
gold showed a surprisingly high activity in the
aerobic oxidation of glucose, comparable
with the supported Au/C catalyst and an

enzymatic system [10,13]. Presently,
unsupported Au NPs as catalyst for glucose
oxidation with hydrogen peroxide have been
examined yet only by Comotti et al. [12],
showing good results in terms of  reaction
time and yield.

The reaction mechanism for the glucose
oxidation with Au NPs catalysts has been
proposed recently [11]. The first reaction
step is the formation of  the Au-glucose
intermediate, which is initiated by the
nucleophilic attack of a hydroxide ion on
glucose followed by adsorption of the
resulting alkoxy group to a gold particle.
As a result, the relative high electro-negativity
of gold is generated (Scheme 1). The
oxidation step could occur via either
gold hydride anion [11] or peroxygen [12]
depending on the present of oxygen.
In hydride anion pathway, the oxidation
proceeds by transferring the carbon-bound
hydrogen together with two electrons to the
gold particle, releasing the gluconate anion.
Subsequently, the transferred hydrogen
could be transferred to hydrogen peroxide
as hydride anion, reducing it to water
and hydroxyl (Scheme 2). In peroxygen
pathway, the addition of  oxygen (from the
decomposition of hydrogen peroxide) to the
Au-glucose adduct was proposed (Scheme 3).
It is interesting to note that both pathways
share common specie of Au-glucose
intermediate, which is thought to be critical
during catalysis [11,12]. At present, no
structural information of  the key intermediate
has been reported and, thus, the complete
understanding for the glucose oxidation
mechanism is limited.
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Scheme 1. The formation of  the Au-glucose
intermediate

Scheme 2. The decomposition of the Au-
glucose intermediate via hydride anion if  the
oxygen is absent

Scheme 3. The decomposition of the Au-
glucose intermediate via peroxygen if  the
oxygen is present

In this study, the conditions for a high-
yield oxidation of glucose by hydrogen
peroxide using unsupported Au NPs were
examined, together with a theoretical model
to explain the structure of the key Au-glucose
intermediate as well as its molecular behavior
of glucose adsorption in gold colloid solution.
Our study indicates that, even in very low
concentration (about 30 ppm), gold colloid

is an effective catalyst for the oxidation of
glucose to gluconate salts with hydrogen
peroxide under mild, alkaline conditions.
The underlying mechanism for the glucose
absorption on gold nanoparticle is also
discussed.

2.  MATERIALS AND METHODS

2.1 Chemicals and Equipment
D(+)-glucose monohydrate (for

biochemical use), sodium hydroxide p.a.
grade (Aldrich), hydrochloric acid conc.
(Aldrich), silica gel for chromatography
(Aldrich) and hydrogen peroxide solution
50% (commercial grade) was used. As gold
precursor, gold leaves of 96.5% purity
(“Thai gold”) were used. For the recording
of  the VIS spectra, a Jasco V-530 UV/VIS
spectrometer was used.

2.2 Preparation of the Nano Gold
Catalyst

A small gold leave (weight 3 mg) was
dissolved in ca. 0.5 ml conc. HCl and 0.5 ml
hydrogen peroxide (50%) by gentle heating
in a test tube. The resulting clear yellow
solution was evaporated to dryness in a
water bath to eliminate all traces of HCl.
The residue was dissolved in 5 ml of distilled
water. In an Erlenmeyer, 100 ml distilled
water with 5 ml 1% trisodium citrate solution
was heated to boiling under magnetic
stirring. Compared to the classical Turkevich
method [18,19], a higher water volume
showed to produce smaller nanoparticles
with better reproducibility. The above
solution of chloroauric acid was added
quickly under vigorous stirring. After 10
minutes of boiling and stirring, the solution
was allowed to cool to room temperature
and a VIS-spectrum was taken to confirm
the particle size of  the gold nanoparticles.
The reaction mixture was used as catalyst
without further treatment.



828 Chiang Mai J. Sci. 2016; 43(4)

2.3 Oxidation of Glucose
1.8g (10 mmol) of glucose and 2 ml

(26 mmol) of hydrogen peroxide (50%) was
added to the nano gold suspension and
the mixture was heated under stirring to
50°C. With the use of a pH meter, the pH
was continually adjusted to 9 by drop wise
addition of 0.2M NaOH. The progress of
the reaction:

R-C(=O)H + H
2
O

2
 + OH- → R-C(=O)

O- + 2 H
2
O

could be estimated by the amount of
sodium hydroxide - to obtain 100 % yield, a
total of 50 ml is required (10 mmol
hydroxide).

2.4 Isolation of the Product
In order to separate the product (sodium

gluconate) from remaining glucose and
catalyst, the reaction mixture was concentrated
to about 20 ml by rotation evaporation.
A column with diameter of 3-4 cm was filled
with slurry of silica gel in iso-propanol
(about 50 ml). The reaction mixture was
passed slowly through the column using
iso-propanol as solvent. The out-coming
fractions were tested for product by TLC
(using iso-propanol/water 4:1). The product
containing fractions showed an oily layer
which is supposed to be sodium gluconate
dissolved in iso-propanol. This gel-like
product could not be crystallized, so it was
transferred to the calcium salt: the product
fractions were evaporated to dryness resulting
in a light brown gel, which was dissolved in
about 10 ml distilled water. About 1 g of
calcium chloride was added forming a clear
solution. Slow addition of iso-propanol
resulted in a white precipitate, which could
be filtrated to give 1.6 g of calcium-gluconate
(3.65 mmol), corresponding to 73% yield.

3. THEORETICAL

Previous studies [20-24] have shown that
the DFT calculations are quite useful for
understanding the adsorption orientation of
a molecule on a metal nanoparticle at
molecular level. Here, two models of glucose
(Glc) and glucose substituted with hydroxide
from metal alkaline (GlcOH) absorbed on the
gold atom were chosen to represent the
formation of  key gold-glucose intermediate.
Two orientations of  the glucose were
considered in which an aldehyde or a C6-OH
end-group of glucose is preferred to
adsorb with the gold atom. A total of four
models were thus modeled in this study.
The D-glucose isomer was considered in
the models. A single Au atom was used as a
representative surface of gold nanoparticle.
Despite the gold model used is very simple,
it has also been applied in several literatures
[21-23], which is enough for the purpose of
the present study. All system structures were
fully optimized using the Density Functional
Theory (DFT) method with the Becke three
parameter hybrids functional with Lee-Yan-
Parr correlation function (B3LYP) level of
theory. An effective core potential basis set
LANL2DZ (Los Alamos set of double-zeta)
[25] was used for a description of Au atom.
The energetic of the adsorption process were
calculated at the same level as geometry
optimization using following equation:

Eads
 = E

complex
 – E

glucose
 – E

Au

where E
complex

, E
glucose

 and E
Au

 are the
total ground state (electronic) energies of
the Au–glucose complex, the isolated glucose
(Glc or GlcOH) and the isolated Au,
respectively. The more negative the adsorption
energy, the stronger the adsorption.
All calculations were performed using
Gaussian09 program [26].



Chiang Mai J. Sci. 2016; 43(4) 829

4. RESULTS AND DISCUSSION

4.1 Characterizations of Gold
Nanoparticle Size, Optimum pH and
Temperature for the Reaction and the
Gluconate Product

Figure 1 shows the VIS spectrum of the
gold NP suspension after preparation with
sodium citrate and after the completion of
reaction with glucose and hydrogen peroxide
at pH 9. It is clearly shown that addition of
glucose significantly changes in both color
of the gold suspension and the spectrum.
The color of the suspension changed during
one hour from wine-red to dark-blue (data
not shown) and a part of the particles
agglomerated giving rise to a second mai
peak around 600 nm, as would be expected
in an alkaline solution with sodium anions
[27]. Haiss et al. [28] have demonstrated
that there is a good correlation between the
medium particle size of gold NP and the
wavelength of the absorption maximum in
visible light. According to them, the particle
size can be estimated using the formula:
d ~ ln[(λmax

 – 512)/6.53]/0.0216 nm. With
an absorption maximum at about 520 nm,
it can be concluded that the particle sizes are
in the magnitude of 10 nm.

To find the optimum conditions for the
oxidation reaction, it has to be ensured that
the pH and temperature are well below the
critical limits when caramelization of glucose
occurs. This phenomenon [17] could be
qualitatively followed by observing the
color of a solution of 10 mmol glucose in
diluted sodium hydroxide at different
pH. Several solutions were prepared
with different pH values and heated at
60°C, which, according to [11], could be
the maximum reaction temperature. It could
be detected that glucose starts to decompose
into brown-colored by-products at pH >=
10 at T >= 55°C within 1 hour. From this
finding, a pH of 9 and 50°C were chosen
to avoid this decomposition reaction
during the oxidation with hydrogen
peroxide.

Figure 2. TLC of sodium gluconate (left) and
calcium gluconate (right) vs. glucose in i-
propanol/water 4:1.

Figure 1. VIS spectrum of gold NP
suspension directly after the preparation with
sodium citrate (black line) and after one-hour-
reaction with glucose and hydrogen peroxide
at pH 9 (grey line).
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To characterize the products after
completed reaction and after re-crystallization
as calcium salt, standard TLC plates with
silica on aluminum were used. A mixture of
i-propanol with water (4:1) is a suitable
solvent. To develop the TLC, the plates were
heated on a hot plate where the products
appear as brown spots. Figure 2 shows a TLC
of the sodium gluconate from the reaction
mixture, which has a spot at significant lower
R

f
 than glucose (0.24 vs. 0.64). The final

product, the calcium salt, does barely move
on the plate and has an R

f
 close to zero, shown

in the right part of Figure 2.

4.2 Reaction Rate
Following the addition of  sodium

hydroxide to the reaction mixture of glucose
and hydrogen peroxide in gold NP
suspension, a theoretical yield of nearly
90% could be detected after 30 minutes.
The amount of added sodium hydroxide to
maintain pH 9 declines during the reaction,
indicating a first order kinetics with respect to
glucose. The remaining glucose concentration
in mol/L can be calculated from the
consumption of NaOH: 1 ml of 0.2M
NaOH corresponds to the loss of 0.2 mmol
of glucose, corresponding to 2 mmol/L.
For a first order kinetics, the natural logarithm
of the glucose concentration over time
should give a straight line with the slope
representing the reaction constant. The result
is shown in Figure 3. A rate constant for
the first-order reaction was found to be
4.95 h-1, in good agreement with the kinetic
observation of  Comotti et al. [12], who
estimated a rate constant of 4 h-1 for the
product formation.

4.3 Proposed Glucose Adsorption on Gold
Nanoparticle

In order to understand the molecular
behavior of glucose adsorption in gold
colloid solution such as adsorption orientation
and interaction, four models of glucose
absorbed on gold nanoparticles were
calculated using the DFT calculations with
LANL2DZ basis set. The optimized
structures (Model I-IV) of the Au-Glc and
Au-GlcOH complexes with one Au atom
absorbed on the oxygen atoms of the
aldehyde and C6-hydroxyl end-group
of glucose are illustrated in Figure 4.
The calculated adsorption energies for the
four models are listed in Table 1. For the
Au-Glc complexes, the Au atom is preferred
to adsorb with the C6-hydroxyl oxygen of
glucose end-group (see Model II; Figure 4b,
right), as suggested by the energetically
favorable structure and a shorter Au-O
distance of 2.54  compared to those from
Model I (Figure 4a, left). For the Au-GlcOH
complexes, the GlcOH molecule is most
likely to adsorb on the Au atom through the

Figure 3. Plot of the logarithm of the
remaining glucose concentration during the
oxidation reaction in alkaline H

2
O

2
 over the

reaction time.
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carbonyl oxygen of the aldehyde end-group
of  glucose, shown in Model III (Figure 4b,
left), with the lowest energy structure found
among the four models (Table 1) and a short
Au-O distance of 2.25 . This orientation
was found to give the most favorable
absorption with the lowest adsorption energy
of -22.56 kcal/mol, indicating that the
glucose adsorption is an exothermic process.
Based on the obtained calculations, the
glucose may weakly interact with the gold
nanoparticles through the CH

2
OH

end-group then it may react with the NaOH
prior to adsorb with the gold nanoparticles
as shown in Figure 5. However, it is also
possible that the glucose may react
with NaOH to generate the glucose anion
and then adsorb on the gold nanoparticles.

Figure 4. Optimized structures of four
models (I-IV) representing the Au-Glc (a) and
Au-GlcOH (b) complexes with Au absorbed
on the oxygen atoms from the aldehyde (left)
and C6-OH (right) end-group of glucose. The
unit of  energy is in kcal/mol.

Table 1. The adsorption energies for the four
models (I-IV) from Figure 4.

Figure 5. Possible glucose adsorption on gold
nanoparticles during the formation of  key Au-
glucose intermediate as suggested by the
present calculations.

5. CONCLUSIONS

Our investigations of the gold catalyzed
oxidation route showed that the gold
nanoparticles produced by a modified
Turkevich method have a high activity for
this reaction, which then becomes a pseudo-
homogenous catalysis. It was found that
nanoparticles in the magnitude of around
10 nm could be produced in higher dilution
and citrate concentrations as by the classic
method. Under mild reaction conditions,
glucose could be oxidized in good yields
(72%) and the resulting sodium gluconate
could be isolated by column chromatography
with iso-propanol on silica gel. Since the
underlying reaction mechanism for the
glucose oxidation is most likely based on
the formation of  Au-glucose intermediates,

Model

I
II
III
IV

total energies/
relative energies

(kcal/mol)
-516168 / 0.0
-516171 / 2.9
-563801 / 0.0

  -563781 / 20.0

adsorption energy
(kcal/mol)

4.3
1.4

-22.6
-2.5
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four possible reaction intermediates of
Au-glucose complexes were examined based
on DFT methods and the calculations showed
that the GlcOH molecule gives a stronger
adsorption to the gold atom compared to
the Glc molecule, emphasizing the requirement
of alkaline conditions in the glucose oxidation.
Based on the present calculations, the glucose
adsorption on gold nanoparticles during the
formation of  Au-glucose intermediate was
explained for the first time, demonstrating
that the aggregation of  the alkoxy-group to a
gold-cluster is indeed thermodynamically
favored.
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