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A B S T R A C T

This study presents a detailed kinetic investigation of the reaction mechanisms of selective glucose oxidation 
(SO) to glucaric acid with AuPt/ZrO2 catalyst under aqueous, base-free conditions. A detailed experimental 
design was carried out with all intermediates (gluconic, glucuronic and glucaric acid) of the reaction pathway in 
order to accurately determine the rate of the individual surface reactions. A total of 25 experiments (with 700 
experimentally determined concentration points) were performed and used as an extensive database to formulate 
a kinetic model describing various kinetic phenomena; gas-liquid-solid transfer of O2 and a detailed surface 
kinetics with C6 and oxygen species. Reaction temperature, time, O2 pressure and reactant or intermediates 
concentration were varied. Among all performed experiments, the highest glucaric acid yield (77 %, starting 
reactant: glucuronic acid) was determined for a base-free, selective O2 oxidation. Predictive model and validation 
experiment revealed much higher reaction rate constants for O*-assisted oxidation of glucose (k100 ◦C = 120 
min− 1) compared to gluconic acid (k100 ◦C = 51 min− 1). The formation of the latter is fast and selective in a wide 
temperature window, whereas the formation of glucaric acid requires elevated temperatures. The activation 
energy of glucaric acid formation from gluconic acid (59 kJ mol− 1) is a bit higher, than its decomposition (56 kJ 
mol− 1), which compromises glucaric acid yields across the entire temperature range.

1. Introduction

The urgent need for sustainable alternatives to fossil fuels, combined 
with the environmental problems of conventional industrial processes, 
has put biomass conversion at the center of attention in the recent de
cades. The shift to bio-based and renewable chemical feedstocks not 
only reduces our dependence on finite fossil fuels, but also opens up a 
wide range of materials that support both environmental sustainability 
and economic resilience. This transition is a crucial step towards 
greener, more sustainable future [1].

A promising approach for a sustainable use of biomass is the use of 
heterogeneous catalysts for key transformation reactions such as hy
drogenation, dehydroxylation, dehydration, hydrolysis and oxidation 
[2]. The latter, also termed selective oxidation (SO) of biomass or its 
derivatives has attracted considerable attention, due to its ability to 
convert biomass into higher-value platform chemicals with functional 
groups such as formyl (–CHO), carbonyl (C=O) and carboxyl (-COOH). 

Over the past decades, a variety of substrates, catalysts, experimental 
conditions and characterization techniques have been explored, result
ing in a large and diversified database [3,4]. In addition to experimental 
advances, mechanistic studies have provided valuable insights into the 
complex pathways of oxidation reactions and enabled the development 
of predictive mathematical models [5–7]. However, despite the wealth 
of data available, many aspects of SO mechanisms remain unresolved 
and are the subject of ongoing debate. This underlines the need for 
future research to fully elucidate and optimize these processes.

The SO mechanisms of alcohols and aldehydes on metallic nano
particles (NP) were concisely reviewed by Davies et al. [5]. In short, 
primary alcohol adsorbs on a metallic active site and forms a metal- 
alkoxide and a metal-hydride, followed by β-hydride elimination to 
obtain carbonyl groups and regenerate the active site. During the 
oxidation of aldehydes, geminal diols are formed in the liquid phase 
before similar dehydrogenation steps take place. However, the dehy
drogenation of the hydrogen atom does not necessarily require an 
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adjacent free active metallic site. In an earlier study [6] by the same 
research group, an aqueous glycerol to glyceric acid oxidation with O2 
was performed with Au/C and Pt/C catalyst experimentally and supp
ported by DFT calculations and isotope labeling experiments. Firstly, 
DFT calculations suggested that the deprotonation of R-OH group of the 
alcohol on both Au (111) and Pt (111) is more likely to react with OH*, 
adsorbed on the adjacent, than with a free active site, due to 10-fold 
lower reaction activation barrier. Secondly, isotope labeled experi
ments with 18O2 and H2

18O2 showed, that oxygen from O2 is not present 
in the final carboxyl group, but instead oxygen from H2O. It has to be 
emphasized, that the reaction did not take place, if there was no O2 in 
the gas phase.

Thus, the “behind the scene” reaction of adsorbed oxygen and water 
on the metallic NPs seems to be detrimental for the successful oxidation 
of carbohydrates. It is well known that Au itself is less likely to split O2 
molecule to atoms [8,9], while O* is omnipresent on Pt. Adsorbed O2 
can react with adsorbed H2O [6,7] to form OOH* and OH*. The former 
can degrade to O* and OH*, which is again, according to DFT, more 

likely to occur on Pt (111), than on Au (111) (Ea of 52 and 83 kJ mol− 1, 
respectively). Also, OOH* can react with water, forming peroxide and an 
additional OH*. Peroxide can degrade to two OH*, and similarly as 
above, this reaction is more likely to occur on Pt (111) than on Au (111) (Ea 
of 29 and 71 kJ mol− 1, respectively). In short, the studies above suggest, 
that base-free SO of alcohols and aldehydes will occur, if OH* is present 
on the surface. Catalysts, with Au as the active metal, often requires the 
addition of a base for the reaction to occur [6,7,10–12], while Pt cata
lysts do not [6,13–15]. The problem associated with Au based catalysts 
are usually the low productivity, while for Pt, the high productivity is 
often limited by overoxidation and metal leaching.

Contrary to monometallic, bimetallic catalysts seem to have the best 
from both worlds – high productivity and stability. Numerous studies 
report the SO ability of bimetallic AuPt catalysts in base-free conditions 
[9,16–18]. However, there is only a handful of studies, describing the SO 
kinetics of glucose (GLC) to glucaric acid (GA). The first step, oxidation 
of GLC to gluconic acid (GU), has been well described, with Ea deter
mined from 46 to 50 kJ mol− 1 and a Langmuir-Hinshelwood mechanism 
for GLC and O2 [19–24]. In our previous paper [9], we partially 
addressed this issue with a kinetic model, which described the reaction 
pathway relatively good. However, looking closely to the data for the 
oxidation of xylose to xylaric acid [25] and base free studies for GLC to 
glucaric acid [9,16] there is a clear distinction in the reaction rates for 
reactants (sugars), intermediates (aldonic/uronic acids) and products 
(aldaric acids). First step (sugar to aldonic acid) seems fast, the second 
step (aldonic to uronic acid) is limitingly slow, and the third step (uronic 
to aldaric acid) is relatively fast, but not as fast as the first one. This is, 
however, not surprising due to the fact that the first step is usually the 
oxidation of the formyl group (if open chain) or alcohol (pyranose), the 
second step is of the primary alcohol and the third step, again, of the 
formyl group. For example, oxidation of GLC and glucuronic acid (GLU) 
was studied by Klis et al. [26] on Au/TiO2 catalyst in a base-free con
ditions, and the results showed, that GLU conversion rate is slower, and 
requires higher temperature to reach the same conversion. Our previous 
investigation showed that Au/ZrO2 also converts GLC to GU in a base- 
free conditions, but further oxidation to GLU and GA is very slow. 
Additionally, from previous studies [9,16,25] it can be distinguished 
that once a certain amount of aldaric acid is formed, all reactions are 
slowed down, pointing to the fact that aldaric acids, once formed, 
reversibly block the active sites. Finally, it has to be emphasized, that 
direct comparison of previous studies is a tedious task, since different 
supporting materials, catalyst synthesis procedures and process condi
tions were applied.

There is a clear need to study the selective oxidation of sugars with 
heterogeneous catalysts, to accurately determine the rate limiting steps 
and provide new aspects of the unique reaction mechanism phenomena. 
For the reasons mentioned above, the aim of this study was to perform a 
set of experiments (25 experiments, 700 concentration points) with 
AuPt/ZrO2 catalyst in base - free conditions, with GLC, both in
termediates (GU and GLU) and GA at different temperatures, O2 pres
sures and starting reactant concentrations and to build a comprehensive 
kinetic model, encompassing all tested experimental variables, with 
additional validation experiments.

Fig. 1. Simplified reaction scheme for selective GLC oxidation to GA.

Table 1 
Exact reaction equations used in kinetic model.

Reaction # Reaction equation Kinetic equation

1 O2* + H2O → 2OH* + O* rsurf
1 = ksurf

1 •ƟO2 •Ɵ2
X

2 O* + H2O → 2OH* rsurf
2 = ksurf

2 •ƟO •ƟX

3 GLC* + OH* → GU* rsurf
3 = ksurf

3 •ƟGLC •ƟOH

4 GU* + O* → GLU* rsurf
4 = ksurf

4 •ƟGU •ƟO

5 GLU* + OH* → GA* rsurf
5 = ksurf

5 •ƟGLU •ƟOH

6 GA* + OH* → Others* rsurf
6 = ksurf

6 •ƟGA •ƟOH

7 2OH* → O* + H2O rsurf
7 = ksurf

7 •Ɵ2
OH

Fig. 2. Overlaid XRD diffractograms of all three synthesized materials – 
magnified region, where Au peak at 38◦ 2ϴ, is not present.
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2. Materials and methods

2.1. Catalyst synthesis

Catalyst synthesis procedure was performed in the following 

manner: firstly, 4 g of ZrO2 support was dispersed in 80 mL of deionized 
water (dH2O) with a resistivity of 18.2 MΩ. Different ratios of HAuCl4 x 
H2O and PtCl4 were dissolved separately in 10 mL dH2O to achieve 
loading of the catalyst with 7 wt% active metals. The metal solution was 
then added dropwise to the dispersed carrier while stirring vigorously. 
After 10 min, the pH was adjusted to 8 with a 2.5 vol% aqueous NH4OH 
solution. The suspension was stirred for a further 2 h at room temper
ature. Subsequently, 500 μL hydrazine hydrate (80 % aqueous solution) 
was added to reduce the metal ions. The resulting catalyst was recovered 
by centrifugation, the supernatant was discarded, while the catalyst 
residue was re-dispersed in dH2O. This washing step was repeated three 
times to ensure thorough purification of the catalyst. After centrifuga
tion, the catalyst powder was dried overnight in an oven at 80 ◦C.

2.2. Catalyst characterization

The phase composition of the crystalline samples was analyzed using 
X-ray powder diffraction (PANalytical X'Pert PRO) at 45 kV with a 
CuKα1 radiation source. Data were collected over a 10◦–90◦ range with a 
step size of 0.05◦ and a counting time of 500 s. The resulting diffracto
grams were interpreted using the Profex software package (ver. 5.1.0) 
with crystal structure data from the Crystallography Open Database 
(COD).

The composition and distribution of AuPt NP on the ZrO2 particles 
were analyzed using the Thermo Scientific Talos F200X scanning 
transmission electron microscope (STEM) and energy dispersive X-ray 
spectrometer (EDXS). The samples were crushed in an agate mortar, 
dispersed in isopropanol and dripped onto a C-foil with Cu support and 
dried at ambient conditions.

Fig. 3. High-angle annular dark field STEM images of the AuPt 67:33 catalyst a) and b) and the corresponding elemental maps c) and d) of AuPt agglomerate imaged 
in b).

Fig. 4. Empirical size distributions (dots) fitted with a log-normal distribution 
functions (curves) for the AuPt NP.
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Empirical, number-weighted, particle-size-distribution functions 
were estimated from the HAADF STEM images. The particle size is given 
as an equivalent diameter—the diameter of a circle having the same 
surface area as the imaged particle. The empirical number-weighted 
distributions were fitted with a log-normal distribution function. The 
average size (dTEM) and standard deviation (σTEM) were calculated from 
known relationships between the arithmetic moments and the parame
ters of the log-normal distribution function [27].

2.3. Catalytic experiments

The catalytic activity experiments were performed in parallel 75 mL 
stainless steel batch reactors (Parr 5000 series) equipped with a mag
netic stirrer operating at 800 rpm. Each reactor was equipped with a 
liquid phase sampling line to allow regular sampling during the exper
iment. The liquid reaction mixture consisted of 40 mL of the reactant 
(GLC, GU, GLU and GA) at various concentrations and 700 mg of cata
lyst. Prior to the start of the experiment, each autoclave was purged 
three times with nitrogen (5.0, Messer, Bad Soden am Taunus, Ger
many), followed by a subsequent pressurization with oxygen in the 
range of 1 to 30 O2 barg (gauge pressure). Experiments were performed 
at 3 different temperatures (80, 100 and 120 ◦C) and two different 
reactant concentrations (0.025 and 0.25 M).

2.4. Characterization of spent catalyst

To assess the extent of eventual coking of the catalyst during the 
oxidation experiment, thermogravimetric analysis (TGA) was conducted 
using a PerkinElmer Spectrum 3 coupled with an EGA 4000 module. The 
analysis was performed on both fresh and spent catalysts. The spent 

catalyst, after the experiment, was separated via centrifugation and 
dried at 60 ◦C until a constant mass was reached. Approximately 10 mg 
of each catalyst sample was subjected to a controlled heating program at 
a rate of 5 ◦C min− 1 from 25 ◦C to 800 ◦C under an air atmosphere.

2.5. Liquid phase analysis

High-performance liquid chromatography (HPLC) was used to 
determine the degree of oxidation of the GLC. The analysis was per
formed with a Thermo-Fisher Scientific UltiMateTM 3000 UHPLC sys
tem equipped with both a diode array detector (DAD) and a refractive 
index detector (RI). The chromatography column used was the Rezex 
RHM monosaccharide H+ column accompanied by a guard column of 
the same type. The mobile phase consisted of ultrapure water (re
sistivity: 18.2 MΩ). The temperature of the column was maintained at 
60 ◦C and a flow rate of 0.6 mL min− 1. The analytes were detected with 
the RI detector.

Ion chromatography (IC) was used to quantify GU, GLU, GA, tartaric 
acid, tartronic acid, glycolic acid, oxalic acid and formic acid. The acidic 
reaction by-products were analyzed using a Dionex ICS 6000 ion chro
matograph equipped with an eluent generator, a suppressor and a con
ductivity detector. Samples were taken systematically throughout the 
experiment and stored under refrigeration until they were diluted with 
MilliQ water, filtered and analyzed. Adequate separation of analytes was 
achieved using a Dionex IonPac AS11-HC analytical column, 4 × 250 
mm, paired with a suitable precolumn (Dionex IonPac AG11-HC, 4 × 50 
mm). A potassium hydroxide (KOH) gradient was used, starting with 2 
mM for 8 min, followed by a stepwise increase over 25 min to 35 mM 
KOH (suppressor was set to 130 mA). The injection volume was set to 10 
μL, the flow rate to 1.5 mL min− 1 and the column temperature to 35 ◦C.

Fig. 5. GLC conversion, GA yield and carbon balance. Experimental conditions: reaction time of 90 min, GLC concentration of 0.025 M, reaction temperature of 80 
(a), 100 (b) and 120 ◦C (c), and O2 pressure of 30 barg.
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2.6. Kinetic model

The kinetic model from our previous study [9], has been substan
tially improved in terms of specific reactions, occurring on the catalyst's 
active sites. A simplified reaction scheme is shown in Fig. 1, while the 
exact reaction mechanism with all steps is shown in Fig. S1 and also in 
Table 1.

Firstly, O2 solubility (equilibrium concentration of dissolved oxygen) 
has been determined with Eq. (1), from [28], using oxygen partial 
pressure and temperature to determine the equilibrium oxygen con
centration in the liquid phase. 

Csat
O2

=
55.56PO2

exp
(

3.71814 + 5596.17
T − 1049668

T2

)

− PO2

(1) 

Gas-liquid transfer rate was calculated with Eq. (2). 

rG− L
O2

= kL
O2

• ag •
(

Csat
O2

− CL
O2

)
(2) 

Since the exact gas-liquid interphase area in Parr 5000 reactors could 
not be determined, kO2

L and ag were merged into one constant kLa 
[min− 1], as shown in Eq. (3). 

kLa∝kL
O2

• ag (3) 

Mass transfer resistance on the gas side was considered negligible 
due to the use of high-purity oxygen.

The adsorption rate (rj
ads) of each compound j depends on the 

adsorption rate constant (kj
ads), its concentration in a liquid phase (Cj

L) 
and the concentration of vacant sites (Ɵvs), defined in Eq. (4). 

rads
j = kads

j • CL
j •Ɵvs (4) 

Adsorption rate constants were determined separately, by the 
regression analysis, for O2 and all C6 compounds. Furthermore, the 
active sites, for oxygen species on the surface (O2*, OH* and O*), were 
separated from the active sites for C6 compounds, based on the bime
tallic nature of the catalyst and also experimental evidence. More spe
cifically, the classical treatment of Langmuir- Hinshelwood kinetics on 
uniform surfaces was extended to reactions occurring on two types of 
sites in close proximity, both of which are present on the AuPt NP. 
Similar quasi equilibrium approximation mechanism was described by 
Salmi and Murzin in their book Catalytic Kinetics [29].

The dual site assumption in our kinetic model is indirectly backed by 
previous studies. A study by Zope [30], where Au/TiO2 and Pt/C cata
lysts were studied for glycerol oxidation showed that compounds with 
OH bound to secondary carbon atoms (like sugar acids and polyols) can 
block the reaction by adsorbing on the surface. They also showed that 
without a pH control, the reaction does not proceed and in the case of 
Pt/C, the addition of GLU completely stopped glycerol conversion. This 
clearly shows that GU acts as an inhibitor when monometallic Au and Pt 
catalysts are used. On the other hand, Vlachos et al. [31] reported that 
Pt/C can produce glucaric acid in base-free conditions when starting 
from GLC or even GU, while Au shows no such activity. Additionally, in 
a previous study, Dimitratos et al. [32] compared monometallic and 
bimetallic catalysts under base-free conditions. They showed that 
monometallic Au did not convert any of the tested alcohols (benzyl 
alcohol, cinnamyl alcohol and octanol), while bimetallic AuPd and AuPt 
exhibited significant activity. In fact, AuPd consistently outperformed 
Pd alone, and AuPt, although not better than Pt, was still much more 
active than Au by itself. This strongly indicates that Au on its own is 
inactive in base-free systems, but when combined with another metal it 
contributes to the presence of new types of active sites. Such results 
provide indirect but convincing evidence that bimetallic catalysts may 

Fig. 6. GU conversion, GA yield and carbon balance. Experimental conditions: reaction time of 90 (c) or 180 (a, b, d) min, GU concentration of 0.025 M, reaction 
temperature of 80 (a), 100 (b) and 120 ◦C (c, d) and O2 pressure of 30 barg.
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possess different and complementary active sites compared to mono
metallic gold catalysts.

The total amount of active sites (nTS) was calculated from the mass of 
the catalyst, used in the experiment (all experiments 700 mg), and the 

CAS active sites density (233 μmol g− 1), determined from oxygen pulse 
chemisorption in our previous study [9]. The storage capacity of O2*, O* 
and OH*, were separated, based on the NP's elemental composition, 
determined from STEM/EDX, and will be discussed in the results section.

The desorption rate (rj
des) of each compound j depends on the 

desorption rate constant (kj
des) and coverage of j, adsorbed on the active 

sites (Ɵj), defined in Eq. (5). 

rdes
j = kdes

j •Ɵj (5) 

During the experiment, temperature and pressure data were recor
ded to calculate thermodynamic properties such as oxygen solubility. 
The temperature dependence of the surface reaction was modeled using 
the Arrhenius equation, as shown in Eq. (6): 

ksurf
i (T2) = ksurf

i (T1) • exp
(

Eai

R
•

(
1
T1

−
1
T2

))

(6) 

The surface reaction rate (rj
surf) of each compound depends on the 

surface reaction rate constant (kj
surf), the C6 compound coverage on the 

catalyst surface (ƟC6) and the concentration of oxygen species on the 
surface (ƟX, x = Oads, OHads) as shown in Eq. (7). 

rsurf
i = ksurf

i •ƟC6 •ƟX (7) 

The differential balance equations with respect to the assumed re
action network are as follows (Eqs. (8)–(12)):

The general oxygen balance in the gaseous phase is shown by Eq. (8). 

dnG
O2

dt
= − rG− L

O2
• VL (8) 

The general balances of compounds (GLC, GU, GLU, GA and others) 

Fig. 7. GLU conversion, GA yield and carbon balance. Experimental conditions: reaction time of 60 (c) or 180 (a, b, d) min, GLU concentration of 0.025 M, reaction 
temperature of 80 (a), 100 (b) and 120 ◦C (c, d) and O2 pressure of 30 barg.

Table 2 
Reaction rate constants and activation energies obtained by regression analysis 
of experimental data (25 exp., 700 exp. points).

Reaction # (i) ki at 100 ◦C (min− 1) Eai (kJ mol− 1)

1 2978 ± 271 >5
2 5 ± 1 62 ± 12
3 120 ± 2 51 ± 5
4 51 ± 2 59 ± 14
5 15 ± 1 57 ± 10
6 (4 ± 1) ⋅ 10− 2 56 ± 7
7 (3 ± 1) ⋅ 10− 2 89 ± 13

Table 3 
Adsorption/desorption rate constants obtained by regression analysis of exper
imental data (25 exp., 700 exp. points).

Adsorption/desorption rate constants (min− 1)

kads 120 ± 2
kdes GLC (68 ± 8) ⋅ 103

kdes GU (25 ± 3) ⋅ 103

kdes GLU (10.0 ± 0.2) ⋅ 103

kdes GA 178 ± 23
kdes OTHR insignificant
kO2 ads 122 ± 2
kdesO2 (1.00 ± 0.01) ⋅ 103
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in the liquid phase are calculated by Eq. (9), where VL is the volume of 
the liquid phase. 

dCL
j

dt
= − rads

j + rdes
j •

nAS c6

VL
(9) 

The general oxygen balance in the liquid phase is calculated by Eq. 
(10). 

dCL
O2

dt
= rG− L

O2
− rads

j + rdes
j •

nAS oxygen

VL
(10) 

The general balances of carbohydrate compounds (GLC*, GU*, 
GLU*, GA* and others) for active site coverage is calculated by Eq. (11). 

dƟj

dt
= rads

j •
VL

nAS c6
− rdes

j ±Σn
j rsurf

j (11) 

The general balances of oxygen species (O2*, OH*, O*) for active site 
coverage is calculated by Eq. (12). 

dƟj

dt
= rads

j •
VL

nAS oxygen
− rdes

j ±Σn
j rsurf

j (12) 

The general balance of carbohydrate compounds (GLC*, GU*, GLU*, 
GA* and others) for vacant sites is calculated by Eq. (13). 

dƟvs

dt
= − Σn

j rads
j •

VL

nAS c6
+Σn

j rdes
j ±Σn

j rsurf
j (13) 

The general balance of oxygen species (O2*, OH*, O*) for vacant sites 
is calculated by Eq. (14). 

dƟvs

dt
= − Σn

j rads
j •

VL

nAS oxygen
+Σn

j rdes
j ±Σn

j rsurf
j (14) 

Lastly, turnover frequencies (TOF, min− 1) were calculated by Eq. 
(15). 

TOF = ksurf
j •Ɵx •Ɵy (15) 

Table 4 
Maximum TOF values, determined for each experiment. If the compound was not used in the experiment, its TOF value for corresponding reaction was not present (n. 
p). Bolded TOF values represent the reactions, which include the starting reactant.

Entry Reactant, concentration, T, 
p

Corresponds to 
Figure…

max TOF 1 
[min− 1]

max TOF 2 
[min− 1]

max TOF 3 
[min− 1]

max TOF 4 
[min− 1]

max TOF 5 
[min− 1]

max TOF 6 
[min− 1]

max TOF 7 
[min− 1]

1 GLC, 0.025 M, 100 ◦C, 30 
barg O2

Fig. 10a,Fig. 11a, 
S15a

0.38 0.1339 0.44 0.15 0.09 0.016 0.018

2 GU, 0.025 M, 100 ◦C, 30 
barg O2

Fig. 10b, 
Fig. 11b, S15b

0.17 0.0336 n.p. 0.07 0.04 0.016 0.023

3 GLU, 0.025 M, 100 ◦C, 30 
barg O2

Fig. 10c, Fig. 11c, 
S15c

0.18 0.1206 n.p. n.p. 0.17 0.015 0.010

4 GLC, 0.025 M, 100 ◦C, 1 
barg O2

Fig. 9a, S8a, 
S14a

0.01 0.0080 0.38 0.10 0.07 0.017 0.021

5 GLC, 0.025 M, 120 ◦C, 1 
barg O2

Fig. 9b, S8b, 
S14b

0.02 0.0141 0.59 0.15 0.13 0.042 0.089

6 GLC, 0.025 M, 100 ◦C, 10 
barg O2

Fig. 9c, S8c, 
S14c

0.11 0.0395 0.33 0.12 0.08 0.017 0.020

7 GLC, 0.025 M, 100 ◦C, 20 
barg O2

Fig. 9d, S8d, 
S14d

0.22 0.0684 0.34 0.13 0.09 0.018 0.019

8 GLC, 0.25 M, 100 ◦C, 30 
barg O2

Fig. 13a, S10a, 
S17a

2.30 0.3408 2.63 0.84 0.29 0.026 0.019

9 GU, 0.25 M, 100 ◦C, 30 
barg O2

Fig. 13b, S10b, 
S17b

0.18 0.0038 n.p. 0.09 0.05 0.022 0.023

10 GLU, 0.25 M, 100 ◦C, 30 
barg O2

Fig. 13c, S10c, 
S17c

0.31 0.2289 n.p. n.p. 0.38 0.014 0.005

11 GLC, 0.025 M, 80 ◦C, 30 
barg O2

Fig. 12a, S9a, 
S16a

0.19 0.0396 0.17 0.06 0.04 0.006 0.004

12 GLC, 0.025 M, 120 ◦C, 30 
barg O2

Fig. 12b, S9b, 
S16b

0.60 0.1691 0.54 0.22 0.18 0.040 0.075

13 GU, 0.025 M, 80 ◦C, 30 
barg O2

Fig. 12c, S9c, 
S16c

0.18 0.0020 n.p. 0.04 0.01 0.004 0.005

14 GU, 0.025 M, 120 ◦C, 30 
barg O2

Fig. 12d, S9d, 
S16d

0.20 0.1629 n.p. 0.12 0.10 0.037 0.077

15 GLU, 0.025 M, 80 ◦C, 30 
barg O2

Fig. 12e, S9e, 
S16e

0.18 0.0330 n.p. n.p. 0.09 0.004 0.001

16 GLU, 0.025 M, 120 ◦C, 30 
barg O2

Fig. 12f, S9f, S16f 0.19 0.3106 n.p. n.p. 0.25 0.038 0.044

17 GLC, 0.25 M, 80 ◦C, 30 
barg O2

S7a, S11a, 
S18a

0.94 0.0947 1.01 0.33 0.11 0.009 0.004

18 GLC, 0.25 M, 120 ◦C, 30 
barg O2

S7b, S11b, 
S18b

3.92 0.4848 4.06 1.33 0.59 0.065 0.078

19 GU, 0.25 M, 80 ◦C, 30 barg 
O2

S7c, S11c, 
S18c

0.19 0.0004 n.p. 0.08 0.01 0.005 0.005

20 GU, 0.25 M, 120 ◦C, 30 
barg O2

S7d, S11f, 
S1d

0.30 0.0698 n.p. 0.19 0.16 0.062 0.095

21 GLU, 0.25 M, 80 ◦C, 30 
barg O2

S7e, S11e, 
S18e

0.28 0.0557 n.p. n.p. 0.30 0.002 0.000

22 GLU, 0.25 M, 120 ◦C, 30 
barg O2

S7f, S11f, 
S18f

0.60 0.6737 n.p. n.p. 0.80 0.048 0.039

23 GU, + GLU 0.025 M, 
100 ◦C, 30 barg O2

Fig. 14a, S12a, 
S19a

0.22 0.0426 n.p. 0.08 0.23 0.020 0.015

24 GLC + GLU, 0.025 M, 
100 ◦C, 30 barg O2

Fig. 14b, S12b, 
S19b

0.41 0.2063 0.27 0.09 0.25 0.020 0.014

25 GLC + GA, 0.025 M, 
100 ◦C, 30 barg O2

Fig. 14c, S12c, 
S19c

0.17 0.0901 0.14 0.03 0.03 0.021 0.016
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Matlab 2021b software was used for the numerical analysis of the 
formulated system. The concentration profiles were solved as a function 
of time using the ODE15s solver. Regression analysis was performed by 
using fminsearch function (Nelder-Mead algorithm). Parameter estima
tion was performed using the Levenberg – Marquardt algorithm via the 
lsqnonlin function, which also provides the Jacobian matrix. Confidence 
intervals (CI) were subsequently calculated from the parameter covari
ance matrix derived from this Jacobian. The initial concentrations of all 
compounds were set to zero, except for carbohydrate reactant (GLC, GU, 
GLU or GA) and O2 (calculated by Eqs. (1)–(3) from initial partial oxy
gen pressure and temperature of gas mixture at the start of the reaction).

3. Results

3.1. Catalyst characterization

Based on our previous study [9], the crystal structure and phase 
composition of the synthesized materials were first analyzed by XRD. 
The only difference, compared to our previous study, was the change in 
Au:Pt molar ratio, while the total mass of active metal was kept at 7 wt 
%. When Au is alloyed with Pt, the standard Bragg reflections of fcc Au 
(111) diffraction peak at 38.1◦2θ is not present in the XRD diffractograms 
of all three catalysts with different Au:Pt molar ratios (Fig. 2). XRD 
diffractograms suggest that AuPt alloy was formed, since there are no 
other peaks, which would indicate the deposition of a separate Au or Pt 
phase. Full XRD diffractograms are shown in Fig. S2.

STEM microscopy was used to analyze the catalysts, in particular to 
analyze the composition of the AuPt NPs and their distribution over the 

Fig. 8. Different stirring rates, namely 100, 400 and 800 rpm. Experimental 
conditions: reaction time of 90 min, GLC concentration of 0.025 M, reaction 
temperature of 100 ◦C and O2 pressure of 30 barg.

Fig. 9. Experiments (dots) and predicted (lines) concentrations. Experiments at 0.025 M GLC, 100 ◦C and 1 barg O2 (a), 120 ◦C and 1 barg O2 (b), 100 ◦C and 10 barg 
O2 (c), 100 ◦C and 20 barg O2.
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ZrO2 particles. Fig. 3 shows a typical image of the catalyst particles. The 
AuPt NPs are present in the form of agglomerates that are relatively 
homogeneously distributed over larger ZrO2 particles (100 nm and 
larger) of undefined shape. The three samples, with different Au:Pt ra
tios, appeared practically identical.

The homogeneity of the composition of AuPt NPs was verified by 
EDXS analysis. Several NPs were analyzed and all of them contained 
both elements (Fig. 3c and d), indicating the formation of an alloy. From 
this point forward, each catalyst is identified by the nominal molar ratio 
of Au- to Pt used (e.g., Au:Pt = x:y will be denoted as AuxPty). Similarly, 
the corresponding figures for Au50Pt50 and Au33Pt67 are provided in the 
Supporting Information (Figs. S3 and S4, respectively). However, in all 
three samples, the AuPt NPs are richer in Au than one would expect, 
based on the nominal composition, determined at synthesis. For 
example, the majority of scanned AuPt NPs, for the catalyst material 
Au67Pt33, have composition of 80 % of Au and 20 % of Pt (This trend can 
be observed at all prepared catalysts, shown in Fig. S5). As it will be 
shown in the kinetic model section, the number of active sites, available 
for O2 adsorption and subsequent conversion to O* and OH*, depends on 
Au:Pt ratio, determined by EDXS analysis, and not by the nominal ratio 
determined at synthesis.

Lastly, the AuPt NP distribution of all three synthesized catalysts was 
determined from STEM images, shown in Fig. 4.

As the figure above depicts, the majority of NP's size is in the range of 
2 to 20 nm for all AuPt ratios. However, it can be seen that Au50Pt50 
exhibits the smallest particle sizes, while the other two ratios produce 
slightly larger NPs, with Au33Pt67 catalyst exhibiting the largest NPs. It 
has to be mentioned, that NP size-dependent activity experiments have 
not been studied in this paper, but, as shown in previous studies [23], 

the size of active metal's NP certainly affects the conversion rate.

3.2. Alloy composition effect on glucaric acid yield

Molar composition of the formed AuPt NPs and its influence on the 
GLC conversion and GA yield has been reported in previous studies 
[16,25], where the best results were obtained at Au:Pt molar ratio of 
50:50. In our previous paper, the same molar ratio (Au:Pt = 50:50) was 
used to prepare AuPt/ZrO2 for the general comparison among mono
metallic and bimetallic catalysts. However, compared to the study by 
Derrien [16], the reducing agent was not NaBH4, but hydrazine hydrate. 
For this reason, catalysts with different Au:Pt ratios were synthesized, to 
check, whether there are any deviations caused by the synthesis pro
cedure. Fig. 5 represents GLC conversion, GA yield and carbon balance 
(CB), at different temperatures and pressures.

The highest GA yield at 100 ◦C is achieved with Au67Pt33 catalyst. GA 
yield is slightly lower with Au50Pt50, while with Au33Pt67, the lowest 
amount of GA was produced. GLC conversion at 80 ◦C for Au50Pt50 is 
surprisingly low, indicating a non-linear relationship for bimetallic 
composition ratio and conversion at the lower temperature. Addition
ally, experiments at 120 ◦C, the conversions, yields and carbon balances 
are very similar.

When the starting reactant was switched to GU, as shown in Fig. 6, 
conversions and GA yields are slightly different.

The second reaction step, the oxidation of GU, requires higher tem
perature to achieve a reasonable conversion. Again, higher GU conver
sions and GA yields were achieved with Au67Pt33 and Au50Pt50 catalysts, 
than with Au33Pt67 catalyst. However, at higher reaction temperatures 
and longer reaction times (Fig. 6d), more GA is preserved on Au33Pt67 

Fig. 10. Experiments (dots) and predicted (lines) concentrations. Experiments at 100 ◦C, 30 barg O2 and 0.025 M of GLC (a), GU (b) and GLU (c).
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catalyst, while both Au67Pt33 and Au50Pt50 decompose GA faster to by- 
products and eventually CO2. Lastly, GLU conversion was also 
compared among the three catalysts. The trend is similar as in Fig. 5, 
where the highest GLU conversion was achieved with Au67Pt33, followed 
by Au50Pt50 and Au33Pt67. Surprisingly, at 80 ◦C, Au67Pt33 exceeds in 
GLU conversion (85 %) and GA yield (77 %), compared to the other two 
catalysts by a large margin (Fig. 7a). Evidently, the last step from GLU to 
GA is much more pronounced with Au67Pt33.

Similarly, as in Fig. 6, the highest amount of GA was preserved with 
Au33Pt67 at temperature of 120 ◦C. Additionally, at 100 and 120 ◦C, and 
at the reaction time of 60 and 180 min, carbon balance for Au67Pt33 is 
lower compared to the other two catalysts.

Since Au67Pt33 catalyst had the highest conversion for both GLC and 
GLU and the difference between yields for GU was minimal, further 
experiments, required to construct the kinetic model were performed 
only with Au67Pt33 catalyst.

3.3. Kinetic study

Selective oxidation of GLC to GA is a complex reaction, where 
consecutive reactions of C6 molecules react with oxygen species on the 
catalyst's active sites. Each reaction step with its corresponding reaction 
rate equation is presented in Table 1.

Reaction 1, between adsorbed O2* and H2O*, which produces OH* 
and O*, was adopted from [5]. The 2nd reaction of O* and H2O*, which 
forms OH*, was also included, based on the study of Mom et al. [33]. 
Reaction 7 is the corresponding backward reaction. For simplicity, water 
coverage was not included in the kinetic expression, because water is a 
solvent molecule and is present in excessive amount. Additionally, 
peroxide formation and its coverage was not included, since the amount 
of peroxide was considered low, due to its unstable nature. This is 
corroborated by previous studies, where the amount of detected 
peroxide was below detection limit when gold was alloyed with Pd 
[34,35]. A few years later, a DFT study by the same research group 

revealed, that Pt and Pd have substantially lower activation barrier for 
peroxide decomposition [6]. Thus, our model assumes that this 
composition is much faster, relative to all other reactions.

Reactions 3–5 represent main reaction steps from GLC to GA, and 
were designed accordingly to our previous DFT calculations [9]. In fact, 
each reaction step, for e.g. from GLC to GU, is a two – step reaction, with 
a deprotonated intermediate, which cannot be measured analytically. 
For the sake of simplicity and also to avoid possible over
parameterization, the intermediates were not included in the mass 
balance equations. For every two – step reaction, it was assumed, that one 
step is much slower than the other one. Therefore, only the limiting step 
is kinetically relevant and each C6 specie on the surface reacts with one 
of the oxygen species. The main difference in the reaction mechanism is 
that GLC and GLU react with OH*, while GU reacts with O*. This de
cision was drawn because there is no study, where monometallic Au in 
base-free conditions produced substantial amount of either GLU or GA. 
Moreover, in our previous investigation, monometallic Au produced GU 
from GLC in base-free conditions, and GA was always present in traces. 
Similar observation was also made by Cao [36] where GA was reported 
only in traces, when GLC oxidation was performed by Au/TiO2. This 
suggests, that Au can also form O* required for the transformation, but, 
as mentioned earlier, the activation barrier is substantially higher than 
for Pt, and thus, the reaction rate is lower.

Reaction 6 represents the decomposition of GA to smaller by prod
ucts, e.g. tartaric, tartronic, oxalic, glycolic and formic acid, which were 
also quantitatively determined with ionic chromatography (IC), but 
their concentration was much lower and actually, they did not accu
mulate in the reaction mixture. Thus, it was assumed, that a complete 
mineralization of all smaller products to CO2 took place during the 
experiment. This was also reported in a previous publication by 
Chaudhari et al. [17], where CO2 was determined in the gas phase, after 
the reaction.

To obtain the kinetic parameters with a regression analysis, tem
perature, pressure and reactant concentration must be varied to obtain 

Fig. 11. Predicted oxygen species coverages on active sites, dedicated for oxygen species. Experiments at 100 ◦C, 30 barg O2 and 0.025 M of GLC (a), GU (b) and 
GLU (c).
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the concentration-time profiles over a wide range of process conditions. 
Also, experiments with intermediates, such as GU and GLU have to be 
performed, to isolate all consecutive reactions, towards the final prod
uct. There are also some differences in the adsorption strength among C6 
molecules, since they have different amount of hydroxyl, formyl and 
carboxyl functional groups [37]. For this reason, 25 experiments with 
three different reactants, reactant concentrations and reaction temper
atures and pressures were performed, producing 700 experimentally 
determined concentrations points through time, with which the kinetic 
regression was performed (shown in Table 4, with corresponding 
maximum TOF values for each reaction step). All relevant kinetic pa
rameters are shown in Table 2 and Table 3.

Because of different desorption rate constants of C6 species, surface 
reaction rate constants alone cannot be used to directly compare the 

reaction rates of all C6 species. A much better comparison provides a 
maximum TOF value for each experiment, because it also considers 
coverages, which differ, precisely because of different adsorption 
properties of each C6 specie. In Table 4, maximum TOF values, deter
mined for every experiment, are provided and will be compared to each 
other, in the following text.

Prior to the start of the experiments, with different temperatures, 
pressures and reactant concentrations, stirring rate experiments at the 
same process conditions were performed with GLC as a reactant, to 
determine the stirring rate, at which gas – liquid mass transfer resistance 
is eliminated (Fig. 8).

At stirring rate of 100 rpm, the conversion of GLC is 94 %, while at 
400 and 800 rpm, GLC conversions are 98 and 99 %, respectively. 
Furthermore, at 100 rpm, GU and GA yields are 46 and 23 %, 

Fig. 12. Experiments (dots) and predicted (lines) concentrations. Experiments at 80 and 120 ◦C, 30 barg O2 and 0.025 M of GLC (a, b), GU (c, d) and GLU (e, f).
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respectively, while at 400 rpm, the yields are 11 and 52 %, which is 
practically the same as at 800 rpm (GU and GA yields are 13 and 51 %, 
respectively). This proves that at stirring rates, above 400 rpm, the gas – 
liquid mass transfer is not the limiting factor anymore. Thus, all further 
experiments were performed at 800 rpm.

To determine how dissolved oxygen affects the reaction kinetics, a 
series of tests at 1, 10 and 20 barg O2 were performed, as shown in Fig. 9.

Results herein suggest that oxygen partial pressure, even at the 
lowest of 1 barg O2, does not considerably affect the concentration 
profile, in terms of all detected products. If C6 and oxygen species shared 
the same active sites, all species' conversion would be significantly lower 
due to the proportional decrease in surface coverage of O2 at the lowest 
pressures. However, as shown in Fig. 9a, this is not the case, since at 1 
barg O2, the concentration profiles are practically the same as at higher 
pressures. Also, an Eley-Rideal mechanism is less probable, since 
increasing oxygen concentration should, thus, increase the conversion of 
all species, but it can be seen, that at higher O2 pressures, concentration 
profiles remain practically the same. Therefore, the separation of active 
sites for oxygen and larger C6 molecules, as described in the experimental 
section, seems plausible, but requires a future quantitative analysis.

Similar observation was also made by a previous study [38], where a 
pressure ranges from 0.2 atm to 20 atm did not affect the selectivity and 
yield of the reaction. In another study [25], although Pt/C catalyst was 
used, the oxidation of xylose to xylaric acid was investigated at different 
O₂ pressures of 2, 6 and 14 barg in a base-free manner. At 2 barg, the 
conversion of xylose reached about 90 %, with a xylaric acid selectivity 
of 30 %. Increasing the pressure to 6 barg improved the conversion to 95 
% and the selectivity to about 45 %. A further increase to 14 barg led to a 
slight improvement in selectivity to 50 %, while the conversion 

remained almost unchanged. This is yet another suggestion, that Lang
muir – Hinshelwood mechanism is at play, and that even at the lowest 
pressures, oxygen will be able to adsorb and react with water, to produce 
required oxygen species, despite the coverage of C6 species. From a 
practical point of view, operating a Parr reactor at this pressure is 
challenging. More specifically, sampling is particularly difficult since, at 
800 rpm stirring rate, the sampling tube may not be fully submerged, 
allowing gas to escape and stopping the reaction (no oxidant). The de
cision was drawn to perform all later experiments at 30 barg pressure, to 
render the results comparable to our previous study [9] and to ensure a 
high oxygen amount in the gas phase.

Once reliable process conditions, ensuring a kinetic regime, were 
determined, experiments with GLC, GU and GLU were performed at 30 
barg O2 and at 100 ◦C. Fig. 10 shows the experimental (dots) and pre
dicted (lines) results.

GLC oxidation is the fastest (Fig. 10a; entry 1, Table 4), followed by 
GLU (Fig. 10c; entry 3, Table 4) and finally GU (Fig. 10b; entry 2, 
Table 4). As it can be seen in Table 4, maximum TOF values for each 
experiment (TOF value for the reaction, in which the starting reactant 
was involved) correspond to this trend; 0.44 min− 1 (TOF3, starting 
reactant: GLC), 0.17 min− 1 (TOF5, starting reactant: GLU) and 0.07 
min− 1 (TOF4, starting reactant: GU). As mentioned before, if one were to 
look only at the reaction rate constants, this trend would not correspond 
to visual results in Fig. 10, because desorption rate constants are 
different.

The data also suggests peculiar oxidation of GLU to GA. When GLU is 
not the starting reactant, its concentration in bulk liquid phase is prac
tically zero, suggesting a fast reabsorption and subsequent reaction to 
GA. TOF5 value for experiments in Fig. 10a and b are 0.09 min− 1 and 

Fig. 13. Experiments (dots) and predicted (lines) concentrations. Experiments at 100 ◦C, 30 barg O2 and 0.25 M of GLC (a), GU (b) and GLU (c).
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0.04 min− 1, respectively, which is lower than when GLU is the starting 
reactant (Fig. 10c, 0.17 min− 1).

The difference in dehydrogenation rates of GLC and GLU were 
already shown by Klis et al. [26], where GLC and GLU were selectively 
oxidized with Au/TiO2 in a base-free environment. Our hypothesis is 
that GLC oxidation occurs with the deprotonation of an alcohol group on 
C1 of a pyranose (ring form), and not in an acyclic form, while GLU 
oxidation can occur in at least two different ways. Firstly, if the oxida
tion of an aldehyde is considered (formyl group), then the geminal diol 
should form and subsequently dehydrogenate on the surface to a car
boxylic acid. However, it is also possible that GLU in an aldehyde form 
(direct product from GU oxidation) could transform in the following 
manner: opening of the ring on C1 would produce a -COOH, and then the 
aldehyde group (C6) would react with the OH group of C5 to form a 
lactone. The latter would then react similarly towards GA, as GLC does 
towards GU. A future NMR or isotope labeling experiment are required, 
but such experiments are tricky, since sugars and sugar acids with more 
than 4‑carbon atoms are in equilibrium with their lactones in aqueous 
solutions. Therefore, it would be hard to distinguish if 18O was incor
porated during the geminal diol formation or, simply, during the ring 
opening/closing reactions in the bulk phase.

Another mechanistic distinction is the oxidation of GLC and GU, 
which can be explained by comparing the hydrogen atom in OH group of 
GLC on C1 and hydrogen atom in OH group of C6. The hydrogen bond of 
the former is weaker, albeit because of the electron withdrawing effect 
of the ring oxygen (ether bond). This is observed when comparing re
action rate constants k3 and k4 of the kinetic model, where the former is 
2.4-fold higher at 100 ◦C, but in both instances, OH group is believed to 
be deprotonated.

Detrimental to the final yield of GA is also TOF6, which is 0.15–0.16 
min− 1 in all three experiments in Fig. 10. In other words, the decom
position rate of GA is relatively constant, regardless of the starting 
reactant. Additionally, kdes GA, determined by regression analysis, is the 
lowest (178 min− 1, Table 2) among C6 species, which suggests, that once 
GA is formed, it adsorbs to the active sites and decomposes to shorter C- 
species. A DFT study by Monti [37], showed that GA adsorbs much more 
strongly to the active sites on Au, than GLC and GU, probably due to an 
additional carboxyl group, which is in line with our model prediction. 
GA coverage of each experiment can be seen in the supplementary part of 
this paper. Additionally, a TG-MS analysis with fresh and spent catalyst 
(GLC, 0.025 M, 100 ◦C, 30 barg O2) has been performed, to confirm or 
disprove active site inhibition by irreversible adsorption (coking). 
Fig. S6 shows that there is practically no difference between fresh and 
spent catalysts, suggesting that GA inhibition is reversible, and catalyst 
can be reused multiple times, which was also confirmed by other studies 
[9,16]. The possibility of humin formation was also excluded, based on a 
prior study by Armstrong et al. [39].

As mentioned previously, another important aspect of this kinetic 
model is that GLC and GLU react with OH*, while GU reacts with O*. 
Due to reactions 1, 2, 7 the coverage of OH* is much higher than of O*. 
This can be seen in Fig. 11 for all three experiments from Fig. 10.

During the reaction, GLC reacts with OH* to form water and the 
active site is again available for O2 adsorption, which further reacts with 
water to form two new OH* and one O*. When GU is the starting 
reactant, the coverage of O* is much lower, which subsequently lowers 
its conversion rate. The exchange between oxygen species dictates the 
TOF of each C6 specie. From Fig. 11a, it can be seen that until GLC is 
present in the reaction mixture (first 30 min of reaction), there is similar 

Fig. 14. Experiments (dots) and predicted (lines) concentrations. Experiments at 100 ◦C, 30 barg O2 and 0.025 M of GU + GLU (a), GLC + GLU (b) and GLC + GA (c).
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amount of O* and OH* species on the surface, so the formation of GLU 
and GA is relatively faster, than after GLC is consumed. TOF values 
corroborate this observation. When GLC is the reactant (entry 1, 
Table 4), TOF4 is 0.15 min− 1, while when GU is the reactant at the same 
process conditions, TOF4 is 0.07 min− 1, meaning that GLC presence 
affects the oxidation rate of GU.

To provide enough data to calculate the activation energies (Ea's), 
experiments at 80 and 120 ◦C were performed with all three reactants 
(Fig. 12).

At lower and higher reaction temperatures, the concentration profile 
of each intermediate follows the same trend as at 100 ◦C. At 80 ◦C, the 
conversion rate of all species is slower, even the decomposition of GA. 

For this reason, the highest GA yield of 85 % was reported for experi
ment in Fig. 12e, where GLU is the reactant. Contrary, oxidation of GU is 
much slower at 80 ◦C. The first reason is that Ea4 is 59 kJ mol− 1, while 
Ea3 and Ea5 are 51 and 57 kJ mol− 1, respectively. But this marginal 
difference of the activation energy is not the only reason for much 
slower reaction. Activation energy of reaction 7, which produces O* 
from OH* has a value of 89 kJ mol− 1, suggesting, that at lower tem
peratures, the coverage of O* is even lower than at 100 ◦C, which is 
aligned with the study by Mom [33]. This can be observed when 
comparing Fig. 11 and Fig. S9. On the other hand, at 120 ◦C, the 
coverage of O* is much higher, promoting oxidation of GU, which is 
visible in Fig. 12d. But because the decomposition of GA to smaller 

Fig. 15. TOF values throughout the experiment. Experiments at 100 ◦C, 30 barg O2 and 0.025 M of GLC (a), GU (b), GLU (c), 0.025 M of GLC + GA (d).

Fig. 16. Experiments (dots) and predicted (lines) concentrations. Experiment was performed at a) 50 for 120 min and at 100 ◦C for 120 min at 30 barg O2 and 0.025 
M of GLC, b) 130 ◦C, 117 min at 27 barg O2 and 0.063 M of GLC with heating rate of 1.6 K min− 1.
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byproducts (e.g. tartaric, glycolic, tartronic, oxalic and formic acid and 
eventually CO2) is also faster at 120 ◦C, the final GA yield is lower.

Experiments at higher concentrations show different C6 concentra
tion distribution profiles. The results at 100 ◦C are shown in Fig. 13.

At higher reactant concentrations (10 – fold), the reaction rate does 
not scale proportionally, indicating a decrease in available active sites 
(the amount of the catalyst is the same as in experiments with lower 
concentrations), likely due to product inhibition effects. When 
comparing TOF values between experiments at lower (entry 1, 2 and 3, 
Table 4) and higher (entry 8, 9 and 10, Table 4) concentrations, it can be 
seen, that while the reactant concentration is 10-fold higher, TOF3, TOF4 
and TOF5 values are 6.0, 1.3 and 2.2- fold higher, respectively. Because 
GA's desorption rate is slower, more active sites are blocked and also, 
more GA is decomposed to byproducts. The same trend with lower GA 
yields for “higher concentration experiments” is also observed at 80 and 
120 ◦C, and can be observed in Fig. S7. The corresponding predicted 
oxygen species coverages on active sites for experiments in Fig. 13 are 
presented in Fig. S10 and S11.

3.4. Two reactant experiments

As shown in previous sections, with experimental and predicted 
values, the desorption rates and maximum TOF values differ for GLC, 
GU, GLU and GA. Especially GA has the lowest desorption rate constant 
among the latter, which suggests blocking of the active sites for other 
reacting molecules, which was already reported [37]. For this reason, 
three more experiments were performed, where 2 reactants were present 
in the liquid phase at the beginning of the experiment (Fig. 14).

In Fig. 14a, where GU and GLU are reactants, their concentration 

profiles show a slower conversion rate for both species and also the final 
concentrations, after 180 min of reaction, of GU and GLU are higher. 
Regarding TOF values (Entry 23, Table 4), TOF5 is 0.23 min− 1, which is 
higher than when only GLU is the reactant at the same process condi
tions (0.17 min− 1, entry 3, Table 4). However, the yield of GA is only 56 
% (considering both starting reactant's concentrations in the calcula
tion), which is 10 % lower than when GLU is the starting reactant 
(Fig. 10c), again, suggesting that once GA concentration is high enough, 
it covers the active sites and decomposes, effectively lowering its final 
yield.

Similar experiment was performed with GLC and GLU as starting 
reactants (Fig. 14b, entry 24, Table 4). Interestingly, TOF3 value was 
only 0.27 min− 1, compared to 0.44 min− 1 in the experiment with only 
GLC at the same process conditions (entry 1, Table 4), albeit at the 
expense of the higher TOF5 of GLU (0.25 min− 1). This is mainly attrib
uted to the fact, that GLU has a lower desorption rate than GLC, but GLC 
has a higher reaction rate constant.

Lastly, an experiment with GLC and GA was performed, to deter
mine, how higher GA concentrations affect the overall reaction network. 
Fig. 14c shows, that GA adsorbs and decomposes at a constant TOF6 
value (0.21 min− 1). One would intuitively expect that GA's concentra
tion would rise at the beginning of the experiment, but the adsorption of 
GA lowers all TOF values by a large margin (entry 25, Table 4). TOF3 is 
0.14 min− 1 instead of 0.44 min− 1 (entry 1, Table 4), TOF4 is 0.03 min− 1 

instead of 0.07 min− 1 (entry 2, Table 4) and TOF5 is 0.03 min− 1 instead 
of 0.17 min− 1 (entry 3, Table 4). This phenomenon can be observed even 
better in Fig. 15, where experiments from Fig. 10 (a, b and c) and 
Fig. 14c are presented with TOF profiles during the reactions.

The maximum value of each peak in Fig. 15 a, b and c are the 

Fig. 17. Experiments (dots) and predicted (lines) concentrations. Experiments at 100 ◦C, 30 barg O2 and 0.025 M of Au67Pt33 (a), Au50Pt50 (b) and Au33Pt67 (c).
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corresponding max TOF values from Table 4. When GA is added to GLC 
at the beginning of the experiment (Fig. 15d), TOF values decrease, 
because GA adsorbs on the active sites and limits the conversion of all 
other C6 compounds.

3.5. Validation experiments

In order to test the model's predictive ability, an experiment with 
temperature increase during the reaction and an experiment with slower 
heating rate was performed. For the former, the chosen temperatures 
were 50 and 100 ◦C, extrapolating temperature out of experimental 
framework (T regression range 80–120 ◦C), while for the latter, the 
heating rate was set at 1.6 K min− 1 (heating rate in all other experiments 
was 5 K min− 1). The main ideas were to test the responsiveness of the 
model to the reaction temperature and to improve the yield of the 
process with the manipulation of the process parameters.

In the first experiment, where two temperatures were tested, reac
tion time was set for 120 min for each stage. The algorithm tried to 
determine the temperature for each stage, while maximizing the final 
GA yield. The second experiment was performed with proportional 
weights on reaction time, O2 partial pressure, and reaction temperature, 
again maximizing the final GA yield. Fig. 16 shows the results of the 
predicted concentration profiles, with experimentally determined 
datapoints.

The prediction and experimental validation depict a reliable pre
diction of the kinetic model. At temperatures below 70 ◦C, all reactions 
rates are slower, with no GA production. Both experiments show that 
temperature and heating rate can also be extrapolated out of experi
mental framework and the kinetic model predicts the concentration 
profiles quite well. Once the temperature is increased, all TOF values 
rise, forming more GA. Unfortunately, the validation experiments did 
not improve GA yield, but both cases showed that temperature can be 
either much lower in the first part of the reaction, and reaction time can 
be shorter, if slower heating rate and higher target temperature is cho
sen. In the supplementary information part of this paper, the reader is 
advised to find the coverage of oxygen and C6 species vs. time of all 
experiments, presented in this paper for a more in-depth analysis of the 
kinetic model.

One of the main assumptions of this kinetic model is the separation of 
active sites into two domains. For the sake of completeness, the AuPt 
ratio in the model was changed according to the EDXS analysis of the 
other two catalysts, namely Au50Pt50 and Au33Pt67, to tests the pre
dictions of the kinetic model. The predictions by the model were 
compared to experimental data and are shown in Fig. 17.

As it can be seen from the concentration profiles, when the AuPt ratio 
is changed in the model, the conversion rate is changed. The model 
suggests that when there fewer active sites available for C6 compounds, 
the conversion rate is slower. It should be emphasized that, although the 
kinetic model reflects the AuPt ratio and predicts its variation quite well, 
the underlying explanation for this behavior may not be 
straightforward.

We believe that the reason behind this constraint is that the catalytic 
performance depends strongly on the balance between the number of Pt 
atoms and their local electronic/structure environment. Pt is partly 
responsible for oxygen activation, but when the fraction of Pt in the alloy 
is too high, the platinum atoms are more likely to sit next to each other. 
In this case, overoxidation of Pt surface atoms is possible [40], which 
would effectively reduce the number of active sites available for oxygen 
activation and thereby slow the overall reaction rate. This results in a 
lower conversion rate, despite having more Pt present. At the Au67Pt33 
catalyst, the Pt atoms are most likely available in sufficient numbers to 
activate oxygen, but they are separated and electronically modified by 
the gold matrix (or at least more than in the other two catalysts). Gold 
weakens the binding of oxygen species and prevents surface to become 
saturated, while platinum ensures that O2 can still be effectively acti
vated [41]. This balance presumably creates a more favorable reaction 

environment. However, this simplification requires future ab initio 
studies and experimental validation.

4. Conclusion

Selective oxidation of carbohydrates is an important field of study, 
with a lot of yet undiscovered phenomena. In this study, a large exper
imental database was produced, confirming previous and forming new 
observations for selective oxidation of glucose to glucaric acid. We 
report the highest yield of glucaric acid (77 %) from glucuronic acid for 
a base-free selective oxidation using AuPt/ZrO2. Furthermore, a detailed 
kinetic model, encompassing different temperatures, oxygen pressures, 
reactant concentrations and also reactions with intermediates was 
developed. The kinetic model predicts quite well the concentration 
profiles of experiments, with extrapolated process parameters (e.g. 
lower temperature, than it was used to perform regression to obtain k's 
and Ea's). It has been experimentally and kinetically proved, that GA's 
yield, on AuPt/ZrO2 catalyst, depends on reaction temperature and 
reactant – to – active metal ratio. Higher reactant (GLC, GU or GLU) 
concentrations will result in lower GA yields, because when a certain 
threshold concentration of GA is reached, it will adsorb more strongly to 
the active sites and decompose. Therefore, future studies should be 
focused also on the reactor design, with continuous feeding of GLC and 
removal of GA.

This kind of kinetic model, with oxygen species reactions on the 
surface, has not yet been reported for the selective oxidation of glucose 
to glucaric acid. In a broader sense, this study shows how selective 
oxidation of carbohydrates can be merged with oxygen – water surface 
reactions, forming reacting species which perform the desired dehy
drogenation and formation of aldehydes and carboxylic acids.
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