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Abstract 

This study aimed to improve the conditions for the oxidation of benzaldehyde to benzoic acid using chlorine dioxide generated from sodium 

chlorite, across various pH ranges and different catalysts. The powerful oxidation capability of chlorine dioxide played a crucial role in enhancing 

the kinetic efficiency of the reactions. In our research, we examined various reaction conditions, including sodium dihydrogen phosphate, sodium 

dihydrogen phosphate together with sodium chlorite, sodium dihydrogen phosphate combined with sodium chlorite and potassium 

permanganate, and sodium dihydrogen phosphate with sodium chlorite and V2O5. Additionally, different oxidation combinations having the 

promoters with sodium chlorite such as sodium tripolyphosphate (STPP), 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP), and formic acid 

were also tested. The stabilized chlorine dioxide solution was also used directly as the oxidation reagent. The role of chlorine dioxide in these 

combinations significantly impacted the selectivity and yield in terms of product. 

Furthermore, some Mn(III) complexes (Cat.1 and Cat.2) were used as the catalysts in this study, and the findings revealed with chlorine dioxide 

are to be an effective oxidant for the selective oxidation of aromatic aldehydes to aromatic acids. For the catalytic applications in buffer solutions, 

a leveling effect was observed. When Mn(III) complexes were used, it showed a similar leveling effect in buffer solutions for pH >1, which was 

resulting in slow ClO₂ formation. With these findings it was found that the use of Mn(III) complexes in NaH2PO4+NaClO2 combination provided 

the highest yield in the oxidation of aromatic aldehydes to acids. These results underscore the importance of chlorine dioxide as a powerful 

oxidant in the chemical transformation processes.  
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1. Introduction

Oxidation is a crucial process in organic synthesis, with 

various methods developed for the targeted purposes 

such as oxidation of alcohols to organic acids via 

aldehydes [1,2]. One significant yet less common 

transformation is the oxidation of aromatic aldehydes to 

aromatic acids, which holds industrial importance.  

Although only a limited number of methods are effective 

across different aldehydes [3], several reagents have 

been employed for this reaction in the literature [4]. 

Among these, sodium chlorite stands out as a selective 

and mild reagent for oxidizing aromatic aldehydes to 

acids [5,6]. Other oxidizing agents like hydrogen 

peroxide, sodium hypochlorite, and KMnO4 can also be 

used, but they often produce undesirable by-products, 

reducing their appeal [7–9]. 

Chlorine dioxide (ClO2) stands out as an effective 

alternative for oxidation reactions, particularly within 

the pH range of 3–5 with high yields. Known for its high 

efficiency and lack of by-products, chlorine dioxide 

quickly gained attention upon its discovery, and it has a 

broad range of applications [10–13]. However, due to its 

high reactivity, it cannot be stabilized in pure form but 

can be maintained at low concentrations in various 

chemicals. This stabilization allows for safer and more 

controlled use, especially in specific applications, 

minimizing unwanted side effects and explosion risks. 

In practice, chlorine dioxide as an oxidant is generated 

from sodium chlorite in the reaction media by adjusting 

the pH with acids and catalysts, ensuring safe handling 

and optimal reaction conditions. 

Chlorine dioxide is an eco-friendly oxidant that does 

not bioaccumulate or persist in the environment. Its use 

in catalytic methods is expected to grow, given its non-

polluting nature. These qualities make ClO2 highly 

valuable for both environmental and industrial 

applications. Its strong oxidizing properties are 

particularly effective in removing colored compounds, 

odors, and metal ions like iron and manganese [14]. 
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Figure 1. General mechanism for the conversion of chlorine dioxide 

presence Mn(III) catalyst [19] 

The conversion of aldehydes to aromatic acids is 

crucial due to its industrial applications. Various 

reagents have been explored for this purpose [15], but 

only a few are suitable for aldehydes [16]. Sodium 

chlorite is uniquely effective under mild conditions for 

converting aldehydes to carboxylic acids [17]. It acts as a 

chemoselective reagent that tolerates diverse functional 

groups and produces environmentally friendly by-

products compared to metal-based oxidants [18]. 

In 2014, Scott D. Hicks and colleagues investigated 

the reactions of chlorine dioxide using manganese 

catalysts in water under mild conditions. They observed 

that chlorine dioxide forms catalytically at a pH of 

around 5 and ambient temperature, some oxy-chlorine 

species formed were presented in Fig. 1 [19].  

In 2016, Kei Ohkubo and colleagues reported in their 

article that chlorite, combined with a strong Lewis acid 

like scandium triflate, accelerates the disproportionation 

of ClO2 into ClO- and ClO3- [20]. 

Oxidation in water purification uses oxidizing agents 

to convert contaminants into safer compounds. Meng-

Yuan Xu and colleagues review the challenges of using 

ClO2, focusing on controlling disinfection by-products 

(DBPs) in drinking water and highlighting the efficiency 

of the UV/ClO2 process in both disinfection and reusing 

ClO2- [21]. Valentin Rougé and colleagues studied in 

2022 and found that chlorite oxidation by chlorine which 

produces chlorate (60–70%) and ClO2 (30–40%) can be 

modeled as the disinfecting and purifying agent for the 

domestic and waste waters. The study underscores that 

predicting chlorite and chlorate levels can optimize ClO2 

peroxidation, and increasing ClO2 dosage can improve 

the mitigation of disinfection by-products [22].  

In a 2023 study, A.V. Kutchin and colleagues 

explored the oxidation of various alkylphenols using 

chlorine dioxide in water and dichloromethane. They 

discovered specific features of alkylphenol oxidation 

under different reaction conditions resulted in the 

formation of quinones and chlorinated products. The 

yields of quinones depended on the position of 

substituents on the aromatic ring of the starting phenols 

[23]. 

The chemoselective catalytic oxidation of 1,2-diols to 

α-hydroxy acids, a challenging process, has been 

successfully achieved. Various 1,2-diols were oxidized 

into their corresponding α-hydroxy acids, including 

optically active forms. A key finding was the CT 

complex formation during oxidation, significant for 

advancing nitroxyl-radical-catalyzed reactions, making 

this method a valuable tool in organic synthesis [24]. 

Based on this information, experiments in this study 

modified catalytic conditions for oxidizing aromatic 

aldehydes to acids using sodium chlorite. These 

adjustments resulted in high conversions with minimal 

by-products under mild conditions. 

2. Experimental 

2.1. Materials and methods 

Sodium dihydrogen phosphate, potassium 

permanganate, sodium chlorite, benzaldehyde, 

stabilized chlorine dioxide, sodium tripolyphosphate 

(STPP), formic acid, HEDP (1-hydroxy ethylidine-1,1-

diphosphonic acid), vanadium pentoxide, tetra         

hydro furan (THF), ethyl acetate, dichloromethane, 

acetonitrile, glacial acetic acid, urotropine, 2,4-

ditertbutylphenol, cis/trans 1,2-diaminocyclohexane, 

potassium hydroxide, Mn(CH3COO)2.4H2O, LiCl, 

CoCl2.6H2O, diethylenetriamine and water were used as 

the reagents in Aldrich quality. 

Experiments were conducted using various 

glassware and glass storage containers. In addition to 

these common laboratory equipment and tools were also 

used. Melting points were determined using a 

Barnstead-Electrothermal 9200 and a Stuart SMP 10 

melting point determination device. For pH 

measurements, pH papers and a pH meter (PHM 210 

STANDARD pH METER, analytical KCl.Ag meterLab) 

were used, while magnetic and mechanical stirrers were 

preferred for mixing solutions. Infrared spectra were 

recorded on a Perkin Elmer UATR-TWO FT-IR 

spectrophotometer equipped with a diamond ATR. UV-

visible spectra were recorded using a Hitachi U-2900 

UV-visible PC spectrophotometer. ¹H and ¹³C NMR 

spectra were recorded on a Varian Mercury Plus 300 

MHz spectrometer. Finally, TLC plates (Silica Gel 60 

ADAMANT on TLC Plates) and a rotary evaporator 

(BÜCHI Water bath B-480) were used. 
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2.2. Synthesis  

2.2.1. [Mn(III)(acacen)Cl] (Cat.1) 

The synthesis of Mn(III) complex of bis-acetylacetone-

ethylenediamine (acacen) [Mn(III)(acacen)Cl] (Cat.1) 

(Fig. 2) was done according to the literature procedures 

[25]. 

 

 

Figure 2. [Mn(III)(acacen)Cl] (Cat.1) and its calculated molecule 

structure using chem 3D Pro 

2.2.2. 6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylide-

ne))bis(methaneylylidene))bis(2,4-di-tert-butylphenolate) 

Mn(III)Cl, [Mn(III)(SchL)Cl] (Cat.2) 

A Schiff base compound, 6,6'-((1E,1'E)-(cyclohexane-1,2-

diylbis(azaneylylidene))bis (methaneylylidene))bis(2,4-

di-tert-butylphenol) (SchLH2) was synthesized trough 

the literature procedure [26]. The complexation process 

for the Mn(III) ion was carried out as follows, as well; 

SchLH2 (0.2 g, 0.37 mmol), KOH (42 mg, 0.75 mmol), 

and Mn(OAc)₂·4H₂O (90 mg, 0.37 mmol) were mixed and 

heated to boiling for 4 hours in an ethanol (20 mL) 

solution using a 250 mL round-bottom flask equipped 

with a condenser. After the completion of the reaction, 

the mixture was cooled down to room temperature, and 

LiCl (42 mg, 0.75 mmol) was added. The reaction was 

then continued for an additional 3 hours while passing 

air through the mixture. The progress of the reaction was 

monitored by TLC (60F254-SiO2, fixed phase / 

THF:Hexane (3:4), mobile phase) for both steps.  After 

the reaction was complete, the mixture was cooled to 

room temperature, appeared precipitate filtered, and 

thoroughly washed with distilled water and methanol 

respectively. Finally, the product (Cat.2) was dried for 

spectroscopic measurements and analysis in a vacuum 

oven at 50 °C. 

 

Figure 3. [Mn(III)(SchL)Cl] (Cat.2) and its calculated molecule 

structure using chem 3D Pro 

 

Yield: 0.192 g, 82%; m.p.: 240–250 °C (decomposition).   

FT-IR (PIKE Miracle TM ATR) Vmax./cm-1: 3055 (Ar, C-

H), 2951-2866 (Aliph., C-H), 1608 (C=N), 1535(Ar, C=C), 

1458-1388 (Aliph., C-C), 1249, 1172.  

UV–Vis. (CHCl3-1x10-5 M) λmax. (nm) (log ε): 258 (4.02), 

294 (4.23), 329 (4.01), 444 (3.54). 

Theoretical compound, (C36H52ClMnN2O2) (%): C, 

68.07; H, 8.25; N, 4.41; O, 5.04; Cl, 5.58; Mn, 8.65; Found 

(%): C, 68,40; H, 8,77; N, 5,16; Mn, 8.12 (ICP-OES). 

2.3.   Thin Layer (TLC) Chromatography System 

TLC analyses were performed to examine the conversion 

of aromatic aldehydes to aromatic acids. All experiments 

progressed in various reaction conditions using different 

catalysts were performed and monitored using thin 

layer chromatography. Pre-coated silica gel plates fixed 

on glass were used as the stationary phase. The pre-

coated plates, originally sized 20x20 cm, were cut to 2x5 

cm dimensions using a diamond cutter. Application 

points were marked on the prepared plates with a pencil. 

For the mobile phase, a 1/5-THF/hexane mixture was 

prepared as a 25 mL stock solution and stored in a sealed 

bottle. 25 mL tall beakers were used as chromatography 

tanks. The separation power of the mobile phase was 

tested using benzaldehyde as the starting material and 

benzoic acid as the main product.  
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2.4. Solution preparation 

2.4.1. Preparation of Stabilized Chlorine Dioxide Solution 

31% sodium chlorite (13.7 g) was taken and mixed with 

2 g of light soda. The mixture was dissolved in 100 mL 

of distilled water and then diluted to a total volume of 

900 ml. Separately, a solution containing 5.33 g of 

sodium persulfate and 2 g of sodium bisulfate dissolved 

in 100 ml of water was prepared and added to the 

mixture. The resulting solution was left to stand in a dark 

place for 3 days to ensure the stability [27]. The ClO2 

amount was measured as 3000 ppm by using ClO2 strips 

(Bart-vation ClO2 measurement strips 0–500 ppm range, 

made in USA). 

2.4.2. Preparation of Buffer Solution 

Buffer solutions with different pH values to be used to 

take catalytic measurements were created using 

literature sources [28].  

Preparing buffers involves a series of precise steps to 

ensure they are suitable for their intended use. First, we 

calculated the required components concentrations and 

amounts based on the specific application and target 

volume. Next, we carefully weigh the components and 

dissolve them in an appropriate solvent. After 

dissolving, for adjusting the pH of the solution to the 

desired level we used pH meters and appropriate 

reagents. Once the pH was adjusted, we diluted               

the solution to the final desired volume. Finally, we 

labeled the buffer clearly to indicate its contents and any 

important details. And use some of it directly for 

experiments and stored some for future use.  

 

2.5. Kinetic studies 

The system used for catalytic kinetic oxidation 

measurement of H₂O₂ in the literature was modified to 

allow for ClO₂ measurements [29]. To prevent the 

evaporation and light interaction of ClO₂, the reaction 

vessel was specifically modified into a sealed, amber-

colored reaction vessel. The schematic demonstration of 

the modified system is shown in Fig. 4. 

The synthesized Mn(III)SchLCl complex (Cat.2) is 

shown in Fig. 3. Dimethyl sulfoxide (DMSO) solutions of 

Cat.2 were prepared. Buffers at different pH levels (pH= 

1, 2, 4, 6) and their respective preparation materials are 

listed in Table 1. The experimental conditions were set 

up with 10⁻² M sodium chlorite, 10⁻⁵ M metal complex, 

and 0.1 M buffer in a total volume of 100 ml vessel. The 

production of ClO₂ was monitored automatically using 

a UV-VIS Spectrophotometer at 360 nm for 90 minutes in 

a kinetic cuvette. Changes in the absorbance at 360 nm 

for the recorded spectra were attributed to variations in 

ClO₂ concentration.  

2.6. The oxidation of benzaldehyde to benzoic acid 

studies 

In the studies of the oxidation of benzaldehyde to 

benzoic acid, experiments were conducted using 

different reaction conditions and catalysts while 

considering the parameters such as pH, reaction time, 

and yield. The results related to the studies are provided 

in Table 2 as isolated benzoic acid yield percentage. 

Table 2 Reaction conditions of preparation of aromatic 

acids from aromatic aldehydes. 

 

Table 1. The reaction conditions of ClO2 generation kinetic studies and results 

No 
Starting 

Material 

Formation 

product 

Complexes 

(10-5 M) 

Buffer 

Conditions 

Molarity of 

Buffer 

Buffer 

pH 

Time 

(min.) 

% 

Formation 

1 0.01 M NaClO2 ClO2 ― HCl-KCl 0.1 M 1.05 1.5 h 16.41 

2 0.01 M NaClO2 ClO2 ― Citric Acid NaH2PO4 0.1 M 2.10 1.5 h 1.45 

3 0.01 M NaClO2 ClO2 ― Citric Acid NaH2PO4 0.1 M 4.07 1.5 h 0.442 

4 0.01 M NaClO2 ClO2 ― Citric Acid NaH2PO4 0.1 M 6.02 1.5 h 0.013 

5 0.01 M NaClO2 ClO2 Complex Cat.2 HCl-KCl 0.1 M 1.05 1.5 h 9.29 

6 0.01 M NaClO2 ClO2 Complex Cat.2 Citric Acid NaH2PO4 0.1 M 2.10 1.5 h 10.32 

7 0.01 M NaClO2 ClO2 Complex Cat.2 Citric Acid NaH2PO4 0.1 M 4.07 1.5 h 5.59 

8 0.01 M NaClO2 ClO2 Complex Cat.2 Citric Acid NaH2PO4 0.1 M 6.02 1.5 h 2.56 

Figure 4. System for catalytic kinetic oxidation measurement of H₂O₂ [29] 
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3. Result and discussion 

In the present study, the oxidation of benzaldehyde to 

benzoic acid experiments were conducted considering 

pH, reaction time, and yield values applying different 

reaction conditions and catalysts. For this purpose, the 

study examined under mild conditions, using sodium 

chlorite as the oxidant and varying catalytic 

combinations to achieve high conversions with minimal 

side products (Fig. 5). As stated in the literature, the 

experiments were carried out in an acetonitrile-water 

medium [30].  

 

 

Figure 5. Reaction: preparation of aromatic acids from aromatic 

aldehydes, A: Catalysts and reaction conditions given in Table 2 

  

The progress of the reactions was monitored by Thin 

Layer Chromatography (TLC). The resulting 

chromatogram is shown below in Fig. 6. The observed Rf 

values were: 2/3 for benzaldehyde and 1/3 for benzoic 

acid. 

 

 

Figure 6. The TLC chromatography of benzaldehyde and benzoic acid 

 

In the initial experiment, oxidation studies were 

performed using only sodium dihydrogen phosphate 

(NaH₂PO₄) as the basic reagent to make sure if there was 

any conversion without sodium chlorite. At 4.90 pH after 

72 hours, benzoic acid was not obtained.  

 

 

Table 2.  Reaction conditions of preparation of aromatic acids from aromatic aldehydes 

No Starting Material R1,R2,R3 A pH Time Yield, % 

1 Benzaldehyde R1,R2,R3 = H Stabilized ClO2 solution ― 60 h 73.00 

2 m-Tolyl Aldehyde R1,R3 = H, R2= CH3 Stabilized ClO2 solution ― 96 h 13.20 

3 p-Tolyl Aldehyde R1,R2 = H, R3= CH3 Stabilized ClO2 solution ― 96 h 16.37 

4 4-methyl Benzaldehyde R1,R2 = H, R3= OCH3 Stabilized ClO2 solution ― 96 h 3.81 

5 Salicylaldehyde R2,R3 = H, R1= OH Stabilized ClO2 solution ― 96 h ― 

6 4-Hydroxy Benzaldehyde R1,R2 = H, R3= OH Stabilized ClO2 solution ― 96 h ― 

7 Benzaldehyde R1,R2,R3 = H NaH2PO4 4.90 72 h ― 

8 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 6.98 48 h 33.10 

9 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 6.05 48 h 38.50 

10 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 5.65 48 h 43.10 

11 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 5.45 48 h 64.60 

12 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 5.30 48 h 78.10 

13 Benzaldehyde R1,R2,R3 = H NaClO2 + HEDP 4.90 60 h 58.50 

14 Benzaldehyde R1,R2,R3 = H NaClO2 + HEDP 3.50 60 h 75.00 

15 Benzaldehyde R1,R2,R3 = H NaClO2 + STPP + Formic Acid 3.50 60 h 52.00 

16 Benzaldehyde R1,R2,R3 = H NaClO2 + KMnO4 11.90 48 h ― 

17 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + KMnO4 6.10 48 h 16.10 

18 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + KMnO4 5.85 48 h 28.00 

19 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + KMnO4 5.40 48 h 64.80 

20 Benzaldehyde R1,R2,R3 = H NaClO2 + V2O5 12.00 72 h ― 

21 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + V2O5 6.40 60 h 12.70 

22 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + V2O5 5.65 60 h 48.50 

23 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + V2O5 5.40 60 h 67.60 

24 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.1 11.88 60 h 2.78 

25 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.1 6.72 60 h 77.7 

26 Benzaldehyde R1,R2,R3 = H NaClO2 + Cat.2 11.8 48 h ― 

27 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.2 7.12 48 h 34.32 

28 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.2 6.32 48 h 60.72 

29 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.2 5.77 48 h 74.64 

30 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.2 5.44 48 h 87.97 

31 Benzaldehyde R1,R2,R3 = H NaH2PO4 + NaClO2 + Cat.2 5.40 48 h 90.08 
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In the subsequent studies, the combination of 

NaH₂PO₄ and sodium chlorite under the same 

conditions used to balance the oxidative strength of 

sodium chlorite, thereby increasing the selectivity of the 

reaction. To observe the catalytic difference when 

sodium chlorite is added, measurements were taken for 

48 hours at different pH values. This allowed for a 

thorough analysis of how sodium chlorite affects the 

catalytic activity under various conditions. For this, the 

reaction was carried out firstly by adding NaH₂PO₄ to 

adjust the pH to 6.98 and using 7 mmol of NaClO₂ for 5 

mmol of aldehyde. After the reaction for 48 hours, it was 

observed that pH decreased from high (basic) to low 

(acidic) values, the yield increased to 33.1% (Table 2). 

The results demonstrated that the yield of the reaction 

depends strictly on the pH. Specifically, at pH 6.05, the 

yield was 38.5%. When the pH was adjusted to 5.65, the 

yield increased to 43.1%. Further lowering the pH to 5.45 

resulted in a yield of 64.6%, and at pH 5.30, the yield 

reached 78.1%. These findings indicate that a decrease in 

pH leads to a significant increase in reaction yield, 

suggesting that the catalytic activity of the system is 

enhanced under more acidic conditions. These results of 

different pH values are presented in Table 2. 

However, increasing the benzoic acid yield at neutral 

pH is an important task in terms of industrial 

applications due to reducing the corrosion risks and 

making the facilities easier. To enhance the oxidation 

capacity for the catalytic purposes, the use of chlorine 

dioxide (ClO₂) in combination with potassium 

permanganate (KMnO₄) as a catalyst was attempted. 

Under the existing conditions, it was expected that it 

would cause NaClO₂ to decompose and release ClO₂ at 

high pH (11.9), but this did not happen, and no product 

was formed. Consequently, a system involving KMnO₄ 

and NaClO₂ was tested. By adding 5 mmol of KMnO₄ to 

the sodium chlorite and NaH₂PO₄ system and allowing 

the reaction to proceed for 48 hours, the pH decreased 

from 11.9 to 6.10. This process resulted in the formation 

of benzoic acid with a yield of 16.1%. Additionally, to 

observe the effects of lower pH values over the same 

period, further experiments were conducted. At pH: 

5.85, the yield increased to 28%, and at pH: 5.40, the yield 

significantly rose to 64.8 %. These results demonstrate 

that lowering the pH further enhances the yield at the 

same level with NaH2PO4 + NaClO2 system, and there is 

no catalytic impact for KMnO4, as well.  

In parallel, Vanadium Pentoxide (V₂O₅) as another 

oxidation catalyst like KMnO₄ was used additionally. 

The catalytic effect of V₂O₅ was studied under the same 

conditions to measure its influence on the oxidation 

process. When it was used solely with NaClO2 at 12.0 

pH, benzoic acid was not obtained after 72 hours. At pH: 

6.40, benzoic acid with a yield of 12.7% was obtained by 

adding 0.5 mmol of V₂O₅ to sodium dihydrogen 

phosphate and sodium chlorite combination after 60 

hours of reaction. Also, at pH: 5.65 the yield increased to 

48.5%, and at pH: 5.40 increased to 67.6% over the same 

period. All the experiments assessed the effect of pH but 

no catalytic effect for V₂O₅ on the reaction yield (Table 2). 

Some other oxidation combinations were tested for 

the oxidation of benzaldehyde to benzoic acid, as well. 

Sodium chlorite was used in conjunction with Sodium 

Tripolyphosphate (STPP) and formic acid. The pH in the 

STPP/formic acid system was buffered to 3.5. At the end 

of a 60-hour reaction, benzoic acid was obtained with a 

yield of 52.0%. In another system, 1-Hydroxyethylidene-

1,1-Diphosphonic Acid (HEDP) was used alongside 

sodium chlorite. Similarly, by adjusting the pH to 3.5 in 

the studies with HEDP, benzoic acid was obtained with 

a yield of 75.0% at the end of a 60-hour reaction. This was 

also tested in pH: 4.90 to see the difference of yield with 

this yield descend to 58.5%. 

Additionally, measurements were taken by using 

stabilized chlorine dioxide solution directly as an 

oxidation reagent. In this study, 0.6 g of stabilized 

chlorine dioxide was added for 5 mmol of benzaldehyde. 

After 60 hours of reaction, benzoic acid was obtained 

with a yield of 73.0%.  

Mn complexes are organic compounds containing 

transition metals and are effective catalysts in oxidative 

processes. We also investigated Mn complexes as 

catalysts, alongside using a stabilized chlorine dioxide 

solution as a direct oxidation reagent in various catalytic 

systems. In the final stage of our catalytic studies was 

focused on examining the catalytic effect of manganese-

containing complexes in the presence of ClO₂. To this 

end, manganese-containing complexes were 

synthesized, and their catalytic effects were studied 

under identical conditions. The Mn(III)(acen)Cl complex 

(Cat.1), known for its catalytic activity, was prepared 

following the procedure described in the literature and 

used as the catalyst [25]. However, no product was 

obtained at the end of this Cat.1 and NaClO2 

combination experiment at 11.8 pH after 48 hours. 

Therefore, the catalytic effect of 5 mmol Cat.1 in the 

presence of NaClO2 and NaH2PO4 was investigated at 

different pHs for the same period. As a result, benzoic 

acid was obtained with a yield of 34.32% at 7.12 pH, 

60.72% at 6.32 pH, 74.64% at 5.77 pH, 87.97% at 5.44 pH, 

and 90.08% at 5.40 pH, after adding the additives to the 

system under the same conditions. The significant 

catalytic effect was observed at the same pH levels for 

Cat.1 when it compared with the NaH2PO4 + NaClO2 

combination applications.  

Specifically, we synthesized Mn(III)SchLCl complex 

(Cat.2) with a fine-tuned synthesis procedure starting 

from 3,5-di-tert-butyl-2-hydroxybenzaldehyde as the 
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specific Mn(III) catalyst known as “Jacobsen’s Catalysts” 

in the literature [26]. Initially, the Schiff base was formed 

by reacting the aldehyde with cis/trans-1,2-

diaminocyclohexane in ethanol. This was followed by 

the addition of a metal salt in a basic media to complete 

the complex formation. The progress of this reaction was 

monitored by Thin Layer Chromatography (TLC). The 

formation of the Mn(III)SchLCl complex (Cat.2), 

obtained from the reaction of the Schiff base ligand with 

Mn(OAc)₂·4H₂O, is indicated by the spectroscopic 

analysis and elemental analysis. In the FTIR spectrum of 

Cat.2 the C=N band appeared at 1608 cm⁻¹, 

demonstrating the involvement of the imine group in the 

complex formation, shifted to lower wave-number when 

it compared with the related ligand [26]. The other 

signals recorded, were supported to the complex 

formation, as well. The elemental and ICP-OS analysis 

results of the prepared complex are consistent with the 

values theoretically calculated and given in the literature 

[26,31]. 

The catalytic effect of Cat.2 (Mn(III)SchLCl complex), 

in the presence of NaClO2 and NaH2PO4 was 

investigated at different pHs for the same period of time. 

Catalytic measurements were recorded after 90 min. 

than adding Cat.2. UV-Vis graphs of these 

measurements and their comparison to buffers can be 

seen at Fig. 7. The recorded UV-Vis. spectra were 

examined, and ClO2 generation was observes with the 

increase of the absorption at 360 nm by pH adjusting and 

catalysis which is accorded with the literature [19, 32]. In 

Fig. 7a, it is observed that ClO2 formation proceeds with 

the effect of pH (pH:1 buffer) and therefore the catalytic 

effect cannot be predicted clearly. However, in the 

studies carried out in pH:2 buffer in Fig. 7b, it was 

determined that the Cat.2 catalyst added to the buffer 

increased the formation of ClO2. Although increasing the 

pH reduces this effect, it is seen in Fig. 7c that the 

catalytic effect continues in the pH:4 buffer. But, when 

Fig. 7d is examined, it is observed that the formation of 

ClO2 in the pH:6 buffer in the aqueous environment 

decreases to an almost non-existent level by the pH effect 

or the catalytic effect. 

The time-dependent absorptions of generated ClO₂ at 

different pHs were represented at Graph 1, while the 

catalytic activities and the yields were presented in  

Table 1. To be able to clarify the catalytic mechanism, we 

examined the ClO2- to ClO2 conversion kinetics and 

compared with the literature results [32]. Under HCl and 

KCl buffer conditions at pH 1.05, conversion was 16.41% 

in 90 min. In this environment, a very rapid linear 

conversion occurs and the formation of ClO2 are clearly 

visible. 

 

 

 

 

 

Figure 7. UV-Vis spectra of Cat.2 in buffer at: a)1.05 pH after 90 

minutes, b) 2.10 pH after 90 min., c) 4.07 pH after 90 min., d) 6.02 pH 

after 90 min. 
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To see the conversion results of citric acid and 

NaH2PO4 combination at different pH, we tested them 

for 90 min. at similar conditions, as well. At pH:2.10, 

formation was 1.45%, at pH:4.07 formation was 0.442%, 

and at pH:6.02 formation was measured as 0.013%, 

respectively. In other pH experiments, conversion 

results in citric acid and NaH2PO4 buffer showed us that 

there was a leveling effect here and ClO2 formation 

occurred slowly. When the buffer was changed, there 

were large differences in ClO2 formation between the 

two measurements (Graph 1). The reason why the 

reaction is carried out in the presence of NaH₂PO₄ is that 

it acts as a buffer for the ClO₂ formed during the reaction. 

This buffering effect helps stabilize the ClO₂ 

concentration, allowing for more controlled and 

effective catalytic reactions [19,32,33]. 

The time-dependent absorption of ClO₂ with Cat.2., 

as well as citric acid and NaH2PO4 with Cat.2 were 

presented in Table 1. Also, activities at different pHs 

were presented in Graph 2 respectively.   

Cat.2 in HCl and KCl buffer (pH: 1.05), ClO2 

formation was 9.29% in 90 minutes. under the same 

conditions. Although a leveling effect is observed here, 

the amount of ClO2 in the environment is higher due to 

the catalyst effect. Since Cat.2 also buffers, a similar 

leveling effect can be seen even in buffer solutions where 

pH is close to 1. This shows us that measurements made 
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with the metal complex in NaH2PO4 environment will 

give the highest conversion rate. As expected, the results 

of Cat.2 and NaH2PO4 formation in citric acid at different 

pH values were 10.32% at pH 2.10, 5.59% at pH 4.07 and 

2.56% at pH 6.02 for 90 minutes.  

The leveling effect seen here and increased by Cat.2 

can be expected to make a positive contribution to the 

oxidative conversion of benzaldehyde to benzoic acid. 

When the yields of benzoic acid given in Table 2 are 

compared with the efficiencies obtained both in buffer 

solutions and when using catalyst together with buffer 

are quite high compared with the ClO2 conversion 

efficiency. It can be interpreted that the effect of the 

mentioned leveling effect of ClO2 which is increased by 

the ClO2 complexes formed with the catalysts used, and 

in this case, high percentages of benzoic acid conversions 

are obtained even at pH close to neutral [34,35]. As a 

result, benzoic acid was obtained with the isolated yield 

of 2.78% at 11.82 pH, and 77.7% at 6.72 pH after 60 hours 

reaction.  

In line with the studies, attempts were made to 

catalytically oxidize aromatic aldehydes including 4-

methyl benzaldehyde, m-Tolyl Aldehyde, p-Tolyl 

Aldehyde, Salicylaldehyde, and 4-Hydroxy 

benzaldehyde using stabilized chlorine dioxide. The 

results of the conducted studies are presented in Table 2. 

Table 2 shows that 31 different experiments were 

carried out. As a first step of the experiments, different 

aldehyde derivatives (benzaldehyde, m-tolyl aldehyde, 

p-tolyl aldehyde, 4-methoxy benzaldehyde, 2-hydroxy 

benzaldehyde and 4-hydroxy benzaldehyde) were 

reacted with stabilized ClO2 solution. At the end of the 

reaction, it was observed that there was no 

transformation in the aldehyde derivatives containing 

the free –OH group. It was interpreted that the 

antioxidant property of the phenolic structure in these 

molecules prevents the radical oxidation. 

In the second stage of the experiments, the oxidation 

conditions and yields of benzaldehyde to benzoic acid in 

different pH buffers and catalysts in the presence of 

NaClO2 were investigated. In the experiment performed 

with only NaH2PO4 without NaClO2 at pH 4.90, no 

benzoic acid could be isolated after 72 hours. However, 

in the combination of NaH2PO4 + NaClO2, benzoic acid 

was obtained at increasing rates from 33.1% to 78.1% at 

decreasing pH values from pH: 6.90 to pH: 5.30, 

respectively (Fig. 8).  
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Although benzoic acid conversion was monitored by 

UV-Vis spectroscopy (Fig. 9), the isolated benzoic acid 

yields were presented to justify the results.  

Other organic acids such as HEDP and citric acid 

which have been known of their application with 

NaClO2 were also used as buffering agents [36,37].  

In these applications, benzoic acid yields gradually 

increasing with the pH structure were obtained. 

The catalytic studies were continued with KMnO4 

and V2O5 which were used with the NaH2PO4+NaClO2 

combination. While no product was obtained with 

KMnO4 at high pH (pH: 12), in the study conducted with 

the V2O5 catalyst, 1.6% benzoic acid yield was obtained 

at pH: 12. However, it was observed that the other yields 

obtained by  pH change were lower compared to the 

yields obtained with the combination of 

NaH2PO4+NaClO2, which was assigned that the catalysts 

were not sufficient to stabilize the formed ClO2 (Fig. 10a 

and b). 

In the last step of the study, the prepared complexes 

([Mn(III)(acacen)Cl] and [Mn(III)(SchL)Cl]) were used as 

catalysts (Cat.1 and Cat.2). For both complexes, benzoic 

acid formation was observed at pH values above 11.5. 

However, benzoic acid was obtained in very high yields 

of 77.7% and 83.4% at pH values close to neutral (pH: 

6.72 and pH: 6.69), respectively by using Cat.1 and Cat.2 

(Fig. 11).  

Benzoic acid yields of the catalysts depending on pH 

are shown in the graph in Fig. 12a. It is seen that the 

benzoic acid yield in NaH2PO4 buffer depends entirely 

on the pH value and increases rapidly after pH: 5.8. For 

KMnO4 and V2O5 catalysts, lower yields were obtained 

due to the reaction of the catalysts with ClO2 formed at 

pH < 5.5, while the same effect was observed with buffer 

at pH > 5.5. When the graph of Cat.2, one of the prepared 

catalysts, was examined, the catalytic effect was clearly 

seen, and it was understood that the reaction was 

catalyzed at every pH value. The highest efficiency for 

Cat.2 was determined as 90% at pH: 5.40. The 

comparative yields of other catalysts at the same pH 

value are given in Fig. 12b. 

4. Conclusion  

Firstly, measurements were taken by using stabilized 

chlorine dioxide solution directly as an oxidation reagent 

to make sure if the substituent bearing on the benzene 

ring effected the rection kinetic. Free -OH group bearing 

benzaldehyde derivative did not give any conversion. 

NaH2PO4 was used as a buffering agent for adjusting the 

reaction pH to the desired value. The lower the pH, the 

greater the yield of benzoic acid obtained. Other 

oxidation combinations tested included Sodium Chlorite 

with Sodium Tripolyphosphate (STPP), 1-

Hydroxyethylidene-1,1-Diphosphonic Acid (HEDP), 

and formic acid. STPP was used to modulate the 

oxidative capacity of sodium chlorite, phosphonic acid 

to enhance the effect of sodium chlorite, and formic acid 

to strengthen the oxidation process. 

The combination of the catalyst with sodium chlorite 

was utilized to enhance the yield of the reaction by 

balancing the oxidative powers of sodium chlorite in the 

corresponding pH. Subsequently, the addition of 

KMnO4 aimed to increase the oxidation capacity. 

Additionally, during the oxidation process, 

measurements were taken by adding V2O5 to the 

combination of Sodium Dihydrogen Phosphate and 

Sodium Chlorite as an extra catalyst. But not much 

improvement was observed for these applications.    

Furthermore, Mn (III) complexes were also examined 

as catalysts (Cat.1 and Cat.2) which are organic 

compounds containing transition metals and are 

effective catalysts in oxidative processes. It was found 

that the use of Mn (III) complexes (Cat.1 and Cat.2) in 

NaH2PO4+NaClO2 combination provided the highest 

yield in the oxidation of aromatic aldehydes to acids. For 

the catalytic application in buffer solutions, a leveling 

effect was observed which was resulting in slow ClO₂ 

  
(a) (b) 

Figure 12.  a) The pH-yield variation of catalysts, b) The yield comparison of catalysts at pH 5.40 
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formation. Mn complexes (Cat.1 and Cat.2) exhibited a 

similar leveling effect in buffer solutions with a pH >1. 

These findings proved that utilizing Mn complexes in a 

NaH₂PO₄ environment yields the highest conversion 

rates. 
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