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Abstract 

Oxidation of sugars from hemicelluloses represents an important lignocellulosic biomass 

valorization process and has been considered as an option to decrease high dependency of 

chemical industry on fossil feedstock. Gold nanoparticles as an arabinose oxidation catalyst 

under alkaline conditions result in high selectivity towards aldonic acids. In this work, 

kinetics of selective oxidation of L-arabinose to arabinonic acid over Au/Al2O3 was studied 

using data from experiments in a semibatch shaker reactor under pH-controlled conditions at 

atmospheric pressure. A novel model considering molecular adsorption of oxygen, production 

of H2O2 and different skeletal isomers of arabinose as reactants is reported. An experiment 

with D-arabinose was carried out in a conventional semibatch reactor and the model 

adequately predicted the results. 
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Highlights 

• A novel kinetic model for arabinose oxidation on Au catalysts is proposed. 

• Influence of oxygen flowrates, pH values and temperature was adequately described.  

• The model shows adequate results for both D- and L-arabinose oxidation. 
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1. Introduction 

The rising dependence of fossil feedstock over the last years and its consequences have 

been a concern from environmental, political, social and economic viewpoints. In order to 

amplify the diversity of the feedstock, lignocellulosic biomass is considered as a renewable 

resource alternative, meeting a variety of energy needs, e.g. electricity and heat generation, 

fueling vehicles and the need of high value-added products used in alimentary and 

pharmaceutical industries. The main components in lignocellulosic biomass are cellulose, 

hemicelluloses and lignin. Representing 15-30% of the total lignocellulosic biomass, 

hemicelluloses are the second most abundant carbohydrate polymers [1,2].  

Arabinose is an aldopentose obtained by hydrolysis of the hemicellulose arabinogalactan, 

which is more abundant in softwoods (1-15%) and appear in large amounts in larch species 

(Larix sibirica) [2,3]. In aqueous solutions, arabinose exists in four different cyclic forms and 

an acyclic form. Figure 1 shows the interconversion, called mutarotation, between the 

different isomers. In general, ring structures of carbohydrates are considerably more stable 

than the open-chain forms. For instance, the acyclic form of D-glucose at 25°C in a phosphate 

buffer of pH 6.9 represents between 0.0022% and 0.0031% of the total amount. At 31°C, ca. 

95% of arabinose in the solution is in arabinopyranose form. Acyclic sugar structures usually 

react with hydroxyl groups forming aldehydrols, which are as reactive as the acyclic form [4–

6]. 
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Figure 1.  Mutarotation of L-arabinose. 

Sugar acids are produced by oxidation of the carbonyl group or a hydroxyl group of a 

carbohydrate to a carboxylic group. Sugar acids find applications as additives in 

pharmaceutical, textile, building and alimentary industries. Selective oxidation to their 

corresponding aldonic acids, as one of the most important lignocellulosic biomass 

valorization processes, has been investigated intensively during the recent years. In aqueous 

solutions, an intraesterification reaction between the carboxyl and hydroxyl groups of a same 

molecule produces lactones which are cyclic esters. This reaction is driven by the equilibrium, 

which can be shifted depending on the acidity or basicity of the reaction medium. Thus, an 

acidic medium favors the lactone formation, while a basic environment promotes the cleavage 

of the ring giving the acid salt [7,8]. 

Different methods are available for sugar oxidation, including application of 

heterogeneous catalysts in aqueous solutions. Typically, supported noble metals, such as 

palladium or platinum, are employed as catalysts due to their stability to oxidation and 

possibility of reuse [9–11]. While gold was first discovered as an active catalyst a century ago 

[12,13], supported gold nanoparticles started to be widely used for numerous reactions, much 

more lately [14–18]. During the 1980s, Haruta et al. [19,20] reported that gold on oxides is an 

active catalyst in CO oxidation at low temperature. Hutchings [21] described application of 

gold on carbon as a catalyst for hydrochlorination of acetylene. In all cases, the activity was 

strongly dependent on the gold nanoparticle size. The smallest gold nanoparticles contain 
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more low-coordinated gold atoms, which are the most reactive. The density of low 

coordinated corner and edge sites is increasing with a decrease of Au particle size, explaining 

the particle size dependence [22,23]. The role of the support and its interaction with gold are 

also important for the catalytic activity. Simakova et al. [24] compared carbon, SiO2, TiO2 

and Al2O3 as a support for gold in oxidative dehydrogenation of a natural lignan – 

hydroxymatairesinol. Even if the gold particle size was close to 2 nm, there was a huge 

difference between the catalyst performance because of different supports. For instance, Au/C 

displayed activity ca. 483 times lower than Au/Al2O3. 

Several articles have demonstrated that supported gold nanoparticles as a sugar oxidation 

catalyst under alkaline conditions result in high selectivity towards aldonic acids [9,15,25]. 

Kusema et al. [26] showed that gold supported on alumina has a considerable catalyst activity 

and selectivity in the oxidation of L-arabinose in a controlled basic pH and mild temperatures 

and pressures. In the previous work [9], kinetic data for oxidation of arabinose were generated 

and a kinetic model has been developed. However, there were some systematic deviations in 

the description of the experimental data and the formation of hydrogen peroxide and the role 

of hydroxyl in the reaction kinetics were not explained. The molecular adsorption of oxygen 

and the contribution of different forms of the sugar molecules were not considered in the 

previous work.   

Subsequently, the objective of this work is to revisit the data reported in [9], evaluate the 

reaction kinetics and propose a more refined kinetic model based on the plausible reaction 

mechanism for arabinose oxidation on gold nanoparticles supported on alumina.  
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2. Material and Methods 

2.1. Shaker reactor 

All the experimental results, setup and catalyst characterization data concerning L-

arabinose oxidation on supported gold catalyst used for kinetic modelling were obtained from 

the work of Kusema et al. [9,26]. A tailor-made shaking reactor with a high frequency (0.25s-

1) equipped with a pH controller was used in that study. A constant gas flow of oxygen into 

nitrogen was fed into the reactor in semibatch mode. This setup guarantees efficient mixing 

by avoiding stagnant zones in the reaction mixture and improving gas-to-liquid mass transfer. 

The experimental procedure was described previously [9], therefore only the most 

pertinent details are summarized below. Commercial 1 wt% Au/Al2O3 catalyst (Mintek) was 

used with an average particle size below 63 m to eliminate internal diffusion limitations. The 

gold cluster size was 2.3 ± 0.6 nm. The initial L-arabinose (Danisco, 99%) concentration in 

the reactor was 100 mmol/L, while a total gas flow rate of 20 mL/min. The pH of the reaction 

was controlled during the sugar oxidation with an automatic titration device to keep the pH of 

the reaction mixture constant by addition of 2.5M NaOH solution.  

For the kinetic experiments, the reaction parameters were varied. The oxygen flow rates of 

2.5-5.0 mL/min, a pH range of 6-9 and a temperature of 50-70°C were applied. The 

concentration profiles of reactants and products were obtained by the analysis of samples 

periodically withdrawn from the reactor, with high-performance liquid chromatography 

(HPLC). 

 

2.2. Semibatch reactor with impeller 

Even if oxidation in shaking reactors have advantages compared to standard batch and 

semibatch reactors, such as avoiding dead zones and improving the oxygen solubility in 
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water, they are rarely used in industry. In order to bring the reaction to a more practical 

situation and evaluate the performance of the model in a different situation, an experiment in 

a standard semibatch reactor (Figure 2) was carried out to compare the results obtained from 

both reactors. A controlled (Brooks 5850) gas flow of oxygen in nitrogen was fed in the 

reactor in semibatch mode keeping the partial pressure of oxygen at 0.125 bar. High rotation 

speeds (>1300 rpm) were used to guarantee the absence of external mass transfer limitations, 

according to previous tests. The pH of the reaction was controlled using an automatic titration 

device (Metrohm Titrino 751) by addition of 1.0 M NaOH solution. The initial D-arabinose 

(Sigma Aldrich, 98%) concentration in the reactor was 100 mmol/L, while a total gas flow 

rate was 20 mL/min. The catalyst used in this experiment (2 wt% Au/Al2O3), was synthetized 

by Simakova et al. [24] using the direct ion exchange method (DIE). The catalyst grain size 

was ca. 63 m and the gold particle size was 2.2 ± 1.1 nm. The reactor temperature was kept 

constant (60°C) by water flow in the jacket. The reactor operated in a semibatch mode. The 

gas effluent was cooled down to condense possible volatile compounds. 

The reactor was first filled with a suspension of 0.5 g of catalyst. Nitrogen (35 mL/min) 

was used to flush the reactor, removing oxygen. Thereafter, the D-arabinose solution was 

added into the system. The reaction started when oxygen (5 mL/min) was introduced in the 

nitrogen flow. Before the reaction was started, the total liquid volume in the reactor was 200 

mL. The concentrations profiles of reactants and products were obtained by the analysis of 

samples periodically withdrawn from the reactor with high-performance liquid 

chromatography (HPLC, Hewlett Packard Inc.). The chromatograph was equipped with a Bio 

Rad Aminex HPX-87C carbohydrate column operating at 80°C with the eluent (1.2 mM 

CaSO4) flowrate of 0.4 mL/min. 
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Figure 2 - Reactor setup used for D-arabinose oxidation. 

2.3. Reaction mechanism and kinetic model 

The model proposed by Kusema et al.[9] takes into account the oxidation of the cyclic 

form of L-arabinose. The hemiacetal L-arabinose was assumed to have its adsorbed hydroxyl 

group dehydrogenated by dissociatively adsorbed oxygen, producing arabinolactone as an 

intermediate. The ring of arabinolactone is then opened through hydrolysis catalyzed by 

hydroxyl ions giving as a result arabinonic acid. Both dehydrogenation and ring opening steps 

were considered to be kinetically significant. 

Sugars in aqueous solutions appear in both cyclic and acyclic forms. An increase of pH is 

favorable for the formation of acyclic forms. Ultraviolet absorption measurements revealed 

that the concentration of the free carbonyl form is low under neutral solutions, while under 

strongly alkaline conditions, detectable quantities of carbonyl compounds might be present 

[4,27]. At 31°C, acyclic and arabinofuranose forms represent ca. 5% of the sugar forms [6]. 

Therefore, it is reasonable to assume that both of them participate in the oxidation process 
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because they are much more unstable and reactive than arabinopyranoses. The open-chain 

forms are transformed directly to arabinonic acid while the ring forms are oxidized to 

arabinolactone. Increasing basicity of the medium favors the opening of the arabinolactone 

ring and arabinonic acid is neutralized, producing arabinonate anion. The reaction scheme is 

given in Fig. 3. 

 

Figure 3 - Two pathways for arabinose –  Ara, (A) –  oxidation, which can be converted to arabinolactone – Lac, (B,C) then 

to arabinonate – AraO-, (F) – or the sugar can be converted to aldehydrol –  AraOH, (D) –, oxidized to arabinonic acid – 

AraA, (E) – and finally neutralized to arabinonate – AraO- , (F). 

 

 The reaction order towards oxygen is close to one, indicating molecular adsorption of 

oxygen with very low values of adsorption equilibrium constant. Gottfried et al. [28] has 

demonstrated that Au surface does not spontaneously dissociate physisorbed molecular 

oxygen, which is different from other metals. Another feature, not previously considered in 

kinetic modelling of arabinose oxidation [9], is the role of hydrogen peroxide. It has been 

reported that hydrogen peroxide is produced during oxidation of glucose over gold supported 

catalysts [29]. As glucose and arabinose have similar behavior during oxidation and molecular 

oxygen adsorption takes place in both cases, it is reasonable to assume that small amounts of 



10 
 

hydrogen peroxide are produced in arabinose oxidation. In a basic environment hydrogen 

peroxide decomposes into water and oxygen. 

Considering the mechanistic features discussed above, a kinetic model comprising four 

main reaction routes was developed. The elementary steps are listed in Table 1. The first and 

second routes N(I) and N(II) reflect oxidation of the cyclic structure. Arabinofuranose and 

molecular oxygen are adsorbed (step 1 and 2) and react with each other generating OOH* 

(step 3). This species reacts quickly with the adsorbed RC=O giving arabinolactone and H2O2 

(step 3a). This is followed by desorption of arabinolactone (step 4) and subsequent hydrolysis 

catalyzed by OH-, opening the ring and forming arabinonic acid (step 5).The latter is rapidly 

neutralized by free hydroxyls to arabinonate (step 6). 

 The third and fourth routes N(III) and N(IV)
 correspond to oxidation of the acyclic 

structures. After a nucleophilic attack, furanoses and acyclic forms of arabinose are converted 

to aldehydrols in the bulk of the fluid (step 7 and 7a). Subsequent adsorption of this 

compound on the catalyst (step 8) and reaction with adsorbed oxygen (step 2) produces 

OOH* and RCOHOH* (step 9). These OOH* species react fast with the adsorbed RCOHOH, 

giving directly arabinonic acid and H2O2 (step 9a). Finally, desorption of arabinonic acid 

takes place in step 10 and it is neutralized by the free hydroxyls to arabinonate (step 6). It is 

important to note that only oxidative dehydrogenation reactions occur on the surface of the 

catalyst. Hydroxyl is participating in neutralization of the acid and opening of the ring of both 

cyclic arabinose and arabinolactone.  
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Table 1 - Reaction steps for arabinose oxidation where RCHO — is arabinose, RCO —monodehydrogenated arabinose, 

RCOOH — arabinonic acid, RCOO
-
— arabinonate, RCHOHOH — aldehydrol, RCOHOH — monodehydrogenated 

aldehydrol and *— active sites. N(i) = route number . 

  
N(I) N(II) N(III) N(IV) 

1 RCHO +  ∗  ↔ RCHO ∗ 1 0 0 0 

2 O2 +∗  ↔ O2 ∗ 1 0 0 1 

3 RCHO ∗ + O2 ∗→ RCO ∗  + OOH ∗ 1 0 0 0 

3a RCO ∗  + OOH ∗
fast
→   lactone ∗ + H2O2 + ∗ 1 0 0 0 

4 lactone ∗  ↔ lactone +   ∗ 1 0 0 0 

5 lactone +   H2O
OH−
→  RCOOH 0 1 0 0 

6 RCOOH + OH− 
fast
→   RCOO− + H2O 0 1 0 1 

7 RCHO + OH− ↔ RCOHOH− 0 0 1 0 

7a RCOHOH− + H+  
fast
→   RCHOHOH  0 0 1 0 

8 RCHOHOH +  ∗  ↔ RCHOHOH ∗ 0 0 0 1 

9 RCHOHOH ∗ + O2 ∗ → RCOHOH ∗  + OOH ∗ 0 0 0 1 

9a RCOHOH ∗  + OOH ∗
fast
→   RCOOH ∗ + H2O2 + ∗ 0 0 0 1 

10 RCOOH ∗  ↔ RCOOH +  ∗ 0 0 0 1 

N(I)
 : RCHO + O2  → lactone + H2O2  N(II)

 : lactone + 𝑂𝐻− → RCOO− 

N(III)
 : RCHO + H2O ↔ RCHOHOH      N(IV)

 : RCHOHOH + O2  → H2O2 +  RCOO
−Na+ 

 

Steps 1, 2, 4, 8 and 10 describes adsorption reactions and are assumed to reach 

equilibrium fast. The reaction in step 7 represents the formation of aldehydrols, which are 

unstable and are in equilibrium with its original sugar. The kinetically relevant steps 

considered in this model are dehydrogenations (steps 3 and 9), formation of acyclic structures 

(step 7) and ring opening of lactones (step 4). The rates along the four routes are defined in 

the following way: 

r(I) = 𝑟3 =   𝑘3. 𝜃𝑎𝑟𝑎. 𝜃𝑂2 (1) 

r(II) = 𝑟5 =  𝑘5 . 𝐶𝑙𝑎𝑐 . 𝐶𝑂𝐻 (2) 
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r(III) = 𝑟7 =  𝑘7 . 𝐶𝑎𝑟𝑎. 𝐶𝑂𝐻 − 𝑘−7. 𝐶𝑎𝑟𝑎𝑂𝐻 (3) 

r(IV) = 𝑟9 = 𝑘9. 𝜃𝑎𝑟𝑎𝑂𝐻. 𝜃𝑂2 (4) 

In eq. (2) the rate constant includes concentration of water, which is in excess and the 

concentration of hydroxyl, acting as a catalyst. In equations (1) to (4), 𝜃ara, 𝜃O2, and 𝜃araOH 

denote the coverage of arabinose, oxygen and aldehydrol, while Clac and COH are the 

concentrations of lactone and hydroxyl. The coverages were calculated considering adsorption 

equilibria, giving: 

r(I)  = 𝑘3. 𝐾𝑎𝑟𝑎 . 𝐾𝑂. 𝐶𝑎𝑟𝑎 . 𝐶𝑂2. 𝜃𝑣
2 = 𝑘3

′. 𝐶𝑎𝑟𝑎. 𝐶𝑂2. 𝜃𝑣
2
 (5) 

r(IV) =  𝑘9. 𝐾𝑎𝑟𝑎𝑂𝐻− . 𝐾O. 𝐶𝑎𝑟𝑎𝑂𝐻. 𝐶𝑂2. 𝜃𝑣
2 = 𝑘9

′. 𝐶𝑎𝑟𝑎𝑂𝐻 . 𝐶𝑂2. 𝜃𝑣
2
 (6) 

The merged constants 𝑘3
′
and 𝑘9

′
were used to avoid high correlations between the 

parameters and facilitate their estimation in regression analysis. The concentration of oxygen 

CO2  in the liquid phase was calculated as a function of partial pressure of oxygen Po2 and 

absolute T (K) using the method proposed by Tromans [30]. 

CO2 = PO2 exp {
0.046 (T/K)2  + 203.357 (T/K) ln (

T/K
298

) − (299.378 + 0.092 T/K)(T/K − 298) − 20.951 ∗ 103

8.3114 (T/K)
} (7) 

The term v in equations (5-6) represents the fraction of vacant sites. From the balance 

equation of surface species, it can be expressed as shown below:  

𝜃𝑣 = 
1

1 + 𝐾𝑎𝑟𝑎. 𝐶𝑎𝑟𝑎 + 𝐾𝑜. 𝐶𝑂2 + 𝐾𝑙𝑎𝑐. 𝐶𝑙𝑎𝑐 + 𝐾𝑎𝑟𝑎𝑂𝐻 . 𝐶𝑎𝑟𝑎𝑂𝐻 + 𝐾𝑎𝑟𝑎𝑂− . 𝐶𝑎𝑟𝑎𝑂−
 (8) 

  

Coverage of OOH* is not included in the coverage balance for a simple reason that step 9a is 

fast thus concentration of these species is negligible. In equation (8), Kara, KO, Klac, KaraOH and 

KaraO
- are respectively adsorption equilibrium constants of arabinose, oxygen, lactone, 

aldehydrol and arabinonate. The terms 𝑘3
′
, 𝑘5, 𝑘7, 𝑘−7 and 𝑘9

′
 are kinetic parameters obeying 

the Arrhenius law. 
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 𝑘𝑗 =  𝑘𝑗
0. 𝑒𝑥𝑝 [(−

𝐸𝑎𝑗

𝑅
) . (
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)] (9) 

where  𝑘𝑗 = 𝑘3
′
, 𝑘5, 𝑘7, 𝑘−7, and 𝑘9

′
. The temperature Tref used as a reference was 60°C, R is the 

universal gas constant and Ea3, Ea5, Ea7, Ea-7 and Ea9 are the activation energies of respective 

steps. Temperature dependence of other constants was considered negligible. The rates along 

the four routes presented the same units (mol.L-1.s-1). However, 𝑟(𝐼) and 𝑟(𝐼𝑉) are 

heterogenous catalytic reactions and their units are commonly displayed in function of 

catalyst mass (mol.gAu
-1.s-1). In order to correct that, we define: 

𝑟𝑐
(𝐼) = 

𝑟(𝐼)

𝜌𝑐𝑟𝑒𝑓
 (10) 

𝑟𝑐
(𝐼𝑉) = 

𝑟(𝐼𝑉)

𝜌𝑐𝑟𝑒𝑓
 (11) 

In equations (10) and (11),  𝜌𝑐𝑟𝑒𝑓 is the catalyst bulk density, which represents the ratio 

between mass of gold catalyst and liquid volume in the reactor used in the experiments in [9], 

equal to 0.025 g/L. Finally, the generation rates for the reactants and products are defined as: 

𝑑𝐶𝑎𝑟𝑎
𝑑𝑡

=  −𝑟𝑐
(𝐼). 𝜌𝑐 − 𝑟

(𝐼𝐼𝐼) (12) 

𝑑𝐶𝑎𝑟𝑎𝑂𝐻
𝑑𝑡

=  𝑟(𝐼𝐼𝐼) − 𝑟𝑐
(𝐼𝑉). 𝜌𝑐 (13) 

𝑑𝐶𝑙𝑎𝑐
𝑑𝑡

=  𝑟𝑐
(𝐼). 𝜌𝑐 − 𝑟

(𝐼𝐼) (14) 

𝑑𝐶𝑎𝑟𝑎𝑂−

𝑑𝑡
= 𝑟(𝐼𝐼) + 𝑟𝑐

(𝐼𝑉) . 𝜌𝑐 (15) 

In equations (12) to (15), 𝜌𝑐 is the catalyst bulk density in g/L. The set of differential 

equations representing concentrations of the reagents and products was solved numerically 

during the parameter estimation using the Levenberg-Marquardt or Simplex methods 

incorporated in the ModEst software [31]. The objective function Q was described as in 
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compliance between the experimental and calculated values of concentrations, as shown 

below.  

𝑄 = ‖𝐶𝑒𝑥𝑝 − 𝐶𝑒𝑠𝑡‖
2
= ∑∑(𝐶𝑒𝑥𝑝,𝑖𝑡 − 𝐶𝑒𝑠𝑡,𝑖𝑡)

2

𝑖𝑡

 (16) 

In equation (16), Cexp and Cest represent respectively the experimental and estimated 

values, while t and i are related to time and component index. The degree of explanation R2 

was used to evaluate the quality of the fit. In (17), the term 𝐶�̅�𝑠𝑡 is equivalent to the average of 

the estimated values.   

𝑅2 =  100 (
‖𝐶𝑒𝑥𝑝 − 𝐶𝑒𝑠𝑡‖

2

‖𝐶𝑒𝑥𝑝 − 𝐶�̅�𝑠𝑡‖
2) (17) 

It is important to mention that the aldehydrols signal in HPLC overlap with the signal of 

arabinose. Therefore, the experimental concentration of L-arabinose was considered equal to 

the combined calculated concentrations of L-arabinose and aldehydrols. All eight experiments 

reported by Kusema et al. [9] were used in the parameter estimation. 

 

3. Results and Discussion 

The fit of the proposed kinetic model to the experimental concentration profiles in the 

different experimental conditions (Table 2) is presented in Figure 4, clearly illustrating a good 

accordance between experimental and calculated data, which is corroborated by a high degree 

of explanation (99.35 %). Not only this value is higher than found in the work of Kusema et 

al (98.70 %), but also there were no systematic deviations in the description of experimental 

data. Moreover, the simulation of D-arabinose oxidation in a conventional batch described 

very well the experimental data, which is clearly visible in Fig 5. 

 

Table 2 - Experimental conditions 

Experiment O2 flowrate (mL.min-1) pH T (°C) CO2 (mol.L-1) 
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a 2.5 8 60 1.08x10-4 

b 3.5 8 60 1.52x10-4 

c 5.0 8 60 2.17 x10-4 

d 2.5 6 60 1.08 x10-4 

e 2.5 7 60 1.08 x10-4 

f 2.5 9 60 1.08 x10-4 

g 2.5 8 50 1.17 x10-4 

h 2.5 8 70 1.03 x10-4 
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Figure 4 - Experimental (dots)[9] and calculated (lines) concentrations profiles (diamond → L-arabinose, square → 

arabinolactone, circle → arabinonate) in arabinose oxidation over 1 wt% Au/Al2O3, m=0.25g. Experimental conditions of 

experiments a-h are listed in Table 2. Calculated results were obtained by parameter estimation using eq. (12)-(15). The 

values of calculated parameters are presented in Table 3. 
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Figure 5 - Experimental (dots) and calculated (lines) concentrations profiles (diamond → D-arabinose, square → 

arabinolactone, circle → arabinonate) in arabinose oxidation in a batch reactor over 2 wt% Au/Al2O3, m= 0.5g, T= 60°C, PO2 

= 0.125 bar and pH 8. Calculated results were obtained by simulations using the parameters in Table 3. 

The parameter estimation results are presented in Table 3. In general, the parameter 

estimation was satisfactory with the adsorption constant of oxygen KO exhibiting a negligible 

value. This behaviour was expected, because the experimental reaction order towards oxygen 

is very close to unity. A very similar result was achieved for KaraO
-. In this case, the product 

desorption is rapid, not affecting the reaction kinetics. Aldehydrol is an unstable compound, 

which can be decomposed to its original sugar or adsorbed to be further oxidized. During the 

parameter estimation, the values calculated for  𝑘−7
0 were negligible, indicating that the rate 

of decomposition of aldehydrol does not influence the reaction kinetics.  

Table 3 - Results of parameter estimation 

Parameter Value Parameter Value 

R2 99.35%  𝑘−7
0
 (s-1) Negligible 

𝐾𝑎𝑟𝑎 (L.mol-1) 9.21 ± 6.40 x 10-2  𝑘9
0
 (L.mol-1.s-1) 1.64 x101 ±7.18 x 10-2 

𝐾𝑜 (L.mol-1) Negligible 𝐸𝑎3 (J.mol-1) 1.11 x104 ±5.46 x 101 

𝐾𝑎𝑟𝑎𝑂𝐻 (L.mol-1) 2.62 x 101 ±1.15 x 10-1 𝐸𝑎5 (J.mol-1) 4.95 x103 ±7.70 x 101 

𝐾𝑎𝑟𝑎𝑂−  (L.mol-1) Negligible 𝐸𝑎7 (J.mol-1) 9.70 x104 ±6.44E x 102 

𝐾𝑙𝑎𝑐 (L.mol-1) 1.50 x 102 ±1.38 𝐸𝑎−7 (J.mol-1) Negligible 

 𝑘3
0
 (L.mol-1.s-1) 1.95 ±1.38 x 10-2 𝐸𝑎9 (J.mol-1) 4.81 x103 ±5.91E x 101 

 𝑘5
0
 (L.mol-1.s-1) 8.65 x 10-2 ±6.92 x 10-4 𝑇𝑟𝑒𝑓  (°C) 60 

 𝑘7
0
 (L.mol-1.s-1) 1.42 x103 ±1.00 x 101 𝜌𝑐𝑟𝑒𝑓  (g/L) 0.025 
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Considering the results obtained in the parameter estimation, the simplified rate equations can 

be written as defined below: 

r(I) =  𝑘3
′. 𝐶𝑎𝑟𝑎 . 𝐶𝑂2 D

2⁄  (18) 

r(II) =  𝑘5 . 𝐶𝑙𝑎𝑐. 𝐶𝑂𝐻 (19) 

r(III) =  𝑘7 . 𝐶𝑎𝑟𝑎 . 𝐶𝑂𝐻 (20) 

r(IV) = 𝑘9
′. 𝐶𝑎𝑟𝑎𝑂𝐻. 𝐶𝑂2 D

2⁄  (21) 

D = 
1

1+𝐾𝑎𝑟𝑎.𝐶𝑎𝑟𝑎+𝐾𝑙𝑎𝑐.𝐶𝑙𝑎𝑐+𝐾𝑎𝑟𝑎𝑂𝐻.𝐶𝑎𝑟𝑎𝑂𝐻
 (22) 

 

There is a clear difference in the shape of arabinose concentration profiles at different pH 

values. In the acidic medium, the concentration of lactone is higher, because hydrolysis and 

subsequent formation of arabinonate are not significant. An increase in the amounts of lactone 

affects directly the results of equations (5), (6) and (8) and is reflected in the arabinose 

concentration profile, even if the amount of lactones is about 8 times lower than arabinose. 

This behaviour can be explained by a relatively high value of 𝐾𝑙𝑎𝑐, being at least five times 

higher than the other adsorption constants. Thus, in acidic environment, lactone has a high 

coverage and acts as an inhibitor. The response is different in basic solutions. In the first 

minutes of the reaction, the apparent reaction order towards the reactants seems to be slightly 

negative, indicating that 𝐾𝑎𝑟𝑎. 𝐶𝑎𝑟𝑎 + 𝐾𝑎𝑟𝑎𝑂𝐻. 𝐶𝑎𝑟𝑎𝑂𝐻 ≫ 1+ 𝐾𝑙𝑎𝑐. 𝐶𝑙𝑎𝑐. The influence of pH on 

the coverage of various species on the surface of gold is illustrated in Figure 6. 

 

Figure 6 – Coverage of arabinose (line), aldehydrols (squares) and arabinolactone (line with dots) in L-arabinose oxidation 

obtained by simulations using the parameters in Table 3. The experimental conditions are (a) 60°C, 2.5 mL/min O2, pH 6; (b) 

60°C, 2.5 mL/min O2, pH 7; (c) 60°C, 2.5 mL/min O2, pH 8. Catalyst: 1 wt% Au/Al2O3, m=0.25g 
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In order to compare importance of two pathways N (I) and N (III) in consumption of the L-

arabinose, their respective contributions WI and WIII were calculated  

 

 

The results in Figure 7c and Figure 7d show that in basic media environment the 

contribution of N(I) represents between 90% - 98% of the total arabinose consumption 

independent of temperature.  In neutral media (Figure 7b), the values of WI are initially in a 

slightly lower level, increasing until reaching values similar to the basic environment. 

However, in acidic medium (Figure 7a) the values of WIII are considerable higher and there is 

even a shift of the contribution profile, indicating that lactone inhibition in r(I) has an 

important role in the reaction kinetics. 

 

Figure 7 – Contributions WI (squares) and WIII (line with dots) in L-arabinose oxidation obtained by simulations using the 

parameters in Table 3. The experimental conditions are: (a) 60°C, 2.5 mL/min O2, pH 6; (b) 60°C, 2.5 mL/min O2, pH 7; (c) 

60°C, 2.5 mL/min O2, pH 8; (d) 50°C, 2.5mL/min O2, pH 8 . Catalyst: 1 wt% Au/Al2O3, m=0.25g 

WI = 
𝑟(I)

𝑟(𝐼) + 𝑟(𝐼𝐼𝐼)
;  WIII = 

𝑟(III)

𝑟(𝐼) + 𝑟(𝐼𝐼𝐼)
 (23) 
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The correlations between different parameters were evaluated using the Markov chain 

Monte Carlo (MCMC) method implemented in [31]. The algorithm generates a massive 

number of random result points in the range defined for evaluation of parameter estimation 

and analyzes the probability distribution. Reliable parameter estimation is expected to have 

low levels of correlation and probability distribution concentrated in a region. The results 

presented in Table 3 are satisfactory displaying low values of correlations, being maximally 

0.872. 

Table 4 – Correlations matrix of the parameters. 

 
Kara 

          
Kara 1.000 KaraOH 

         
KaraOH -0.655 1.000 Klac 

        
Klac -0.287 -0.062 1.000 k03 

       
k03 0.258 -0.389 0.719 1.000 k05 

      
k05 0.344 -0.196 -0.398 -0.383 1.000 k07 

     
k07 0.105 -0.165 0.637 0.872 -0.64 1.000 k09 

    
k09 -0.791 0.817 0.249 -0.259 -0.344 -0.088 1.000 Ea03 

   
Ea03 -0.274 -0.341 0.036 -0.066 0.118 -0.132 -0.259 1.000 Ea05 

  
Ea05 -0.762 0.791 -0.185 -0.687 0.201 -0.577 0.689 0.097 1.000 Ea07 

 
Ea07 -0.112 0.529 0.039 -0.006 -0.532 0.099 0.529 -0.769 0.065 1.000 Ea09 

Ea09 -0.249 0.112 -0.586 -0.837 0.662 -0.871 0.029 0.429 0.645 -0.469 1.000 

 

A graphical representation of the correlations between adsorption and kinetic parameters 

and between pre-exponential factors and their corresponding activation is presented in Figures 

8 and 9, respectively.  
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Figure 8 - Correlations between kinetic and adsorption parameters calculated with MCMC method. 

 

Figure 9 - Correlations between pre-exponential factors and their corresponding activation energies obtained by MCMC 

method. 

Cycle shapes reflect the absence of correlations while a high eccentricity is an indication 

of a high correlation between the pair of parameters. All the results shown in Figures 8 and 9 
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have a considerable number of random points concentrated in a region, generating round 

shapes and confirming low correlation level between parameters. 

 

4. Conclusions 

A novel kinetic model for the aqueous-phase selective oxidation of L-arabinose on gold 

catalysts was proposed taking into account different forms of sugar in the solution. The 

proposed mechanism with different pathways presents a more refined explanation about the 

possible routes for sugar oxidation. The influence of pH was explained by the role of free 

hydroxyl in the neutralization of the acid and ring opening of both cyclic arabinose and 

arabinolactone. The parameter estimation was conducted showing that the calculated values at 

the concentrations were in good agreement with the experimental behaviour. The kinetic 

regularities in terms of reaction orders, influence of oxygen flowrates, pH values and 

temperature were adequately described. The model showed good results for both D- and L-

arabinose oxidation. The correlations between the parameters were calculated, confirming the 

reliable determination of the kinetic parameters. In general, arabinose oxidation kinetics was 

successfully represented by the proposed mechanism, being in line with experimental 

observations. 
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List of symbols and abbreviations 

𝐶𝑗 Concentration of component j, mol.L-1 
𝐸𝑎𝑖 Activation energy of step i, J.mol-1 

 𝑘i
0 Pre-exponential factor of step i, L.mol-1.s-1 

𝐾𝑗 Equilibrium constant of component j, L.mol-1 
PO2 Partial pressure of oxygen 
Q Objective Function 

r(i) Rates of step i, mol.L-1. s-1 

r(y) Rate along the route y, mol.L-1. s-1 

𝑟𝑐
(y) Rate along the route y, mol.gAu

-1. s-1 

R2 Degree of explanation 
T Temperature, °C 
𝑇𝑟𝑒𝑓  Reference temperature, 60°C 

Wy Contribution of pathway y in arabinose consumption 

𝜃𝑣  Fraction of vacant sites 

𝜌𝑐  Catalyst bulk density, g.L-1 

𝜌𝑐𝑟𝑒𝑓  Reference catalyst bulk density, g.L-1 

Abbreviations 

ara arabinose 

araA arabinonic acid 

araO- arabinonate 

araOH aldehydrol 
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