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Abstract 

This work describes a new process for the efficient electrochemical production of 

peroxoacetic acid (PAA) from aqueous acetic acid solutions, coupling the cathodic 

production of hydrogen peroxide and the oxidation of acetic acid at the anode. The key 

role of the production of hydrogen peroxide in the accumulation of PAA is demonstrated, 

together with the importance of the anode material. Thus, boron doped diamond (BDD) 

anodes exhibited better performance than dimensionally stable anodes (DSA®) because 

of the promotion of the oxidation of acetic acid via hydroxyl radicals. Moreover, it was 

observed that the production yield of peroxoacetic acid increases with current density 

until a threshold (27 A m-2 for BDD anodes), from which decomposition of hydrogen 

peroxide and PAA become dominant and the efficiency of the process decreases for 

higher current densities. Finally, it was found that the configuration of the electrochemical 

cell played an unexpected key role in the performance of the process due to the dissimilar 

efficiency in the use of the hydrogen peroxide electrochemically produced.  
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1. Introduction 

 

Peroxoacetic acid (also known as peracetic or  peroxyacetic acid, or PAA) is a colorless 

liquid with a characteristic acrid odor reminiscent of acetic acid. It is a much weaker acid 

than the parent acetic acid, with a pKa of 8.2 and it is an ideal antimicrobial agent and a 

relative efficient and selective bleaching agent, due to its high oxidizing potential [1-3]. 

PAA is often used as an alternative to chlorine dioxide and elemental chlorine in totally 

chlorine free bleaching sequences [4, 5] and also as a component of antimicrobial washes 

for poultry carcasses and fruit [6, 7].  It is broadly effective against microorganisms and 

is not deactivated by catalase and peroxidase, the enzymes that break down hydrogen 

peroxide. It also breaks down in food to safe and environmentally friendly residues (acetic 

acid and hydrogen peroxide), and therefore can be used in non-rinse applications. It can 

be used over a wide temperature range (0-40 ºC), wide pH range (3.0-7.5), in clean-in-

place processes, in hard water conditions, and is not affected by protein residues [8-11].  

 

However, it is relatively expensive, and is difficult to store due to its high reactivity, and 

these have limited its use. During the last years, the scientific effort was focused on the 

study of the in-situ production of PAA in order to limit the costs and hazards related to 

the transport and handling of concentrated PAA [12, 13]. Generally, the production of 

PAA is based on the chemical reaction between hydrogen peroxide and acetic acid in an 

aqueous reaction mixture in the presence of sulphonic acid as catalyst [14]. Based on this 

reaction, few works have reported the indirect production of PAA by the electrochemical 

production of hydrogen peroxide in acetic acid aqueous solutions [15] or by sonochemical 

synthesis from mixtures of acetic acid and hydrogen peroxide in a microstructure reactor 

[16]. Additional approaches have used the direct oxidation of acetic acid by hydroxyl 
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radicals electrochemically produced in reactors equipped with Boron Doped Diamond 

(BDD) anodes [17], although in this case the efficiency of the process was limited by the 

mineralization of the raw material. 

Recently, our research group presented a novel concept that combines, in the same 

electrochemical cell, the anodic oxidation of acetic acid at BDD anodes and the cathodic 

production of hydrogen peroxide using a carbon-based gas diffusion electrode [18]. In 

that work, it was tested the synergistic effect in the yield and efficiency of PAA 

production when BDD oxidation of acetic acid and cathodic production of hydrogen 

peroxide are performed in the same cell. Moreover, it was demonstrated that the 

performance of the proposed system overcomes any other previous electrochemical 

attempt of PAA production. With this background, the present work is focused on the 

development and optimization of the electrochemical synthesis of PAA from acetic acid 

aqueous solutions in an electrochemical cell that joins the cathodic production of 

hydrogen peroxide and the anodic oxidation of acetic acid. The effect of the anodic 

material and the current density applied is comprehensively studied, together with the key 

and unexpected role of the cell configuration and the reactor/cell volume ratio in the 

production yield of PAA.  

 

2. Material and methods. 

2.1. Experimental setup. 

This process was carried out at bench-scale in an electrochemical cell described in detail 

elsewhere [18]. It consists in an electrochemical reactor with three chambers: anode, 

cathode and gas chamber. A carbon felt (CF) was used as gas diffusion cathode and 

separated the cathode chamber and gas chamber. BDD or dimensionally stable anodes 

(DSA®) were selected as anode materials. A cationic exchange membrane (NAFION N-
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117) separated anode and cathode compartments. A compressor, with the required 

pressure to avoid the flooding of the gas chamber, supplied the air required to produce 

hydrogen peroxide. The temperature was controlled by a heat exchanger and it was 

maintained at 25ºC. A solution with the raw material (acetic acid, 10% aqueous) was 

saved in an amber glass reservoir (0.4 L). 

The BDD (boron content: 500 ppm, sp3/sp2: ratio: 246; thickness: 2.76 m) was provided 

by Adamant (Switzerland) with a rectangular area of 1824 mm2. The DSA® was provided 

by Nora (Italy) with a rectangular area of 1890 mm2, with a short and long way of mesh 

of 3 and 8 mm and a strand width of 1 mm. The CF synthesis procedure is explained in 

detail elsewhere [14, 19, 20] and it basically consists on  immersing it in a solution of 

distillated water (30 ml), carbon black (0.3 g Vulcan ® XC72R), PTFE (0.3 g 60% Teflon 

® emulsion solution from ElectroChem, Inc.) and n-butanol (3%), obtaining rectangular 

with a geometric area of 3375 mm2. 

2.2. Experimental procedure. 

The production of peroxoacetic acid (PAA) consists of combining the oxidation of the 

raw material at the anode and the production of hydrogen peroxide at the cathode. The 

acetic acid (Panreac) is directed from the amber glass tank to the electrochemical cell by 

a centrifugal pump. This stream is continually recirculated. The process was performed 

under galvanostatic conditions in the range from 12.0 to 215.0 A m-2 until an arbitrarily 

selected electric current charge of 5 Ah dm-3 was reached. 

In order to fully understand the process and the role of the reactor configuration, the cell 

was operated in three different arrangements: two with cationic exchange membrane and 

one without membrane. If a membrane is used, there are two possible cell configurations, 

showed schematically in the Figure sup.1 (supplementary material): anode–cathode and 



 6  

cathode–anode. In the anode–cathode configuration, the feed enters through the anode 

compartment and then it flows to the cathode compartment. In the cathode-anode 

configuration, the stream enters first to cathode compartment and, subsequently, to the 

anode compartment. The third configuration consisted in operating the reactor without 

membrane (single-compartment cell).  

 

2.3. Analytical techniques. 

The measurement of peroxoacetic acid is complex because of the chemical equilibrium 

that takes place between acetic acid, hydrogen peroxide and PAA. Due to this complexity, 

many works focused on the synthesis of PAA generally determine the concentration of 

total oxidants [16, 17], what represent not the sole concentration of PAA but the sum of 

PAA and hydrogen peroxide.  

In this work, two different determination methods were tested and compared. The first 

one, by 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) oxidation using 

photometric analysis [21]. It was used an Agilent 300 Carry series UV-Vis 

spectrophotometer. Standard solution and samples were prepared in a 10% of acetic acid 

matrix with different PAA concentrations, which was supplied by Panreac. The procedure 

was as follows: 20 µL of sample were mixed with 2mL of 1mol L-1 acetic acid, 0.5 mL 

of 100 mg L-1  potassium iodide solution (Sigma Aldrich) and 1mL of 1 mg mL-1 ABTS 

solution (Sigma Aldrich). Distilled water was used to fill a total volume of 10 mL. After 

10 min, the absorbance of the solution was measured at a wavelength of 736 nm.  

The second method consisted of estimating the amount of PAA generated by the 

difference between the amount of total oxidants and that of hydrogen peroxide. The 

hydrogen peroxide concentration was measured by potassium titanium (IV) [22]. The 

procedure was as follows: 0.5 mL of sample was mixed with 0.5 mL of potassium 
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titanium (Sigma Aldrich) and 4.5 ml of distilled water. The absorbance was measured 

immediately at 410 nm. The total oxidants were measured by titration with Na2S2O3 

(Scharlab). The procedure consisted in mixing 10 mL of sample with 5 mL H2SO4 (20% 

v/v) and with an excess of potassium iodide. The starch solution (Sigma Aldrich) was 

added to give a blue color and then the solution was titrated with 0.002 N Na2S2O3 until 

the color disappears. 

To check the accuracy of the determination methods tested, solutions of increasing PAA 

concentration were measured by both methods, obtaining a good correlation (r2=0.95) in 

the range of concentrations evaluated in the present work. For this reason, and for the 

simplicity of determination of both oxidants and H2O2, the concentration of PAA was 

calculated by subtracting the amount of hydrogen peroxide from the total amount of 

oxidants.  

 

3. Results and discussion. 

3.1. Role of anodic and cathodic processes: role of anode material 

Electrolytic production of oxidants depends on many inputs among which the catalytic 

properties of the electrode material is expected to be the most relevant. Thus, in the 

literature it can be found many examples of this significance, such as the enhanced 

efficiency obtained in the production of peroxosulfates [23, 24] and peroxophosphates 

[25] in using diamond anodes or the different final product obtained in the electrolysis of 

chloride with mixed metal oxides (MMO) electrodes (hypochlorite) and diamond 

(perchlorate) [26-28]. For this reason, the first step in this work consisted of studying the 

role of the anode material in the synthesis of PAA. Thus, the anodic production rate of 
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PAA was evaluated with two different anode materials (DSA® and BDD), working at 

exactly the same experimental conditions.  

In addition, according to the literature the production of peroxoacetate seems to be 

strongly influenced by the occurrence of hydrogen peroxide, which can be produced 

cathodically by reduction of oxygen (eq. 1).  

 

H+ + ½ O2 +  e-  ½ H2O2            (1) 

 

For this process, the modified carbon felt electrode is known to reach the highest 

efficiencies and, in this work, instead of comparing cathodic materials, it was decided to 

compare the production of peroxoacetic acid with and without aeration, in order to state 

the role of H2O2 in the process. Taking into account this foreground, results obtained 

regarding production of PAA and its efficiency are presented in Figure 1.  

 

 

Fig. 1. a) Production of PAA as a function of applied electric charge. ●BDD 

anode;▲DSA anode. b) Current efficiency in the production of PAA. Full symbols: with 

aeration; Empty symbols: without aeration. j: 27.0 A m-2; anode-cathode configuration. 

 

The first relevant conclusion that can be taken is the surprising effect of the aeration on 

the efficiency of the production of PAA, which is more important than the effect of the 
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anode material and which points out the important role of hydrogen hydroxide on the 

production of PAA. In fact, the amount of peroxoacetic acid produced without aeration 

was found negligible, either using BDD or DSA® anodes. It is well-known the 

equilibrium between acetic acid and PAA (eq. 2), that clearly indicates that the production 

of PAA needs also the production of important amounts of hydrogen peroxide in order to 

stabilize the final product. Otherwise, in the absence of hydrogen peroxide, the chemical 

equilibrium represented by Equation 2 may be rapidly shifted to the left, causing the 

decomposition of the formed PAA and resulting in a process with a very low efficiency. 

CH3COOH + H2O2   CH3COOOH + H2O         (2) 

 

Moreover, it can be stated that BDD clearly overcomes the performance of DSA® in the 

oxidation of acetic acid. It is well known that non-active anodes (as it is the case of BDD) 

are able to efficiently produce a high yield of available hydroxyl radicals [29-31]. Thus, 

together with the formation of PAA by the combination of acetic acid and hydrogen 

peroxide, the oxidation of acetic acid to PAA via hydroxyl radicals (according to 

Equations 3 and 4) can also contribute to the production yield of PAA if BDD is used as 

anode material: 

 

CH3-COOH + OH·   (CH3-COO)· + H2O         (3) 

 

(CH3-COO)· + OH·  CH3-COOOH     (4) 

 

This would explain that the combination of BDD as anode and aeration gives the 

maximum efficiency in the production of PAA. The maximum amount of PAA produced 

(2.23 mmol equivalent to a concentration of 8.92 mmol dm-3) and the average efficiency 

(from 8.67% to 19.87%) obtained in the present work overcomes the best results 
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previously published about the electrochemical production of PAA: efficiencies from 

0.5% to 10% (with concentration from 2 to 3 mmol dm-3) for the outstanding works of 

Saha et al. about the addition of electrochemically synthesized hydrogen peroxide to 

acetic acid solutions [15, 32] and around 1% (with concentrations about 0.8 mmol dm-3) 

for the pioneering work of our group using BDD anode and without promoting hydrogen 

hydroxide production [17]. 

 

 

Because of the discontinuous mode of operation, the efficiency of the process decreased 

with the applied electric charge. This result should be explained attending to the oxidation 

(Equation 5) or the reduction of hydrogen peroxide (Equation 6) [33, 34], or the reduction 

of PAA at the cathode (Equation 7). Even, the further oxidation of PAA towards carbon 

dioxide can be a challenge in the search of an efficient process. The rate of all these 

processes increases for higher concentration of hydrogen peroxide and PAA, thus 

explaining the loss of efficiency for higher values of applied electric charge. 

H2O2        H+ + ½ O2 +  e-              (5) 

H2O2  +  2 e- + 2 H+
     2 H2O     (6)          

CH3-COOOH  + H2O + 2 e-
     CH3-COOH   +  2 OH-          (7) 

3.2. Influence of current density. 

Once clarified the role of the anode and the necessity of the simultaneous production of 

hydrogen peroxide, there are other inputs, which are expected to be important for the 

optimum performance of the electro-synthesis process. One of them is the current density, 

which is typically the most important operation parameter in the production of oxidants. 

Figure 2 shows the influence of this parameter on the production of oxidants and PAA 
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with BDD anode. To do this, the wide range 12.0 -215.0 A m-2 was selected. Lower values 

of this range are expected to lead to soft-mild oxidation conditions, in which the effect of 

the hydroxyl radical is expected to be quite low, while the higher values stand for harsh 

oxidation conditions with an expected clear role of the hydroxyl radical on the oxidation 

mechanisms [35].  

 

Figure 2. Oxidants (2.a) and PAA (2.b) synthesis with BDD anode and carbon felt 

cathode. ○ j = 12.0 A m-2; ▲ j = 27.0 A m-2;  j = 52.0 A m-2; + j = 215.0 A m-2 

 

As it can be observed, both the production rate of oxidants and PAA increase when 

current density is increased from 12.0 to 27.0 A m-2. At 52.0 A m-2, the initial rate of 

oxidants and PAA production is higher, but the maximum concentration reached is lower 

than at 27.0 A m-2. Finally, the production rate appreciably decreased at the highest 

current density (215.0 A m-2).  

This behaviour can be explained attending to the complex set of reactions that take place 

in the reactor and, particularly, taking into account that both, hydrogen peroxide and PAA 

are not final products but intermediates of the cathodic and anodic processes. Thus, harsh 

conditions favours the reduction of oxygen not to hydrogen peroxide but to water [20, 36-

38] while the increased production of hydroxyl radicals in the anode promote the 

mineralization of the acetic acid, instead of its conversion to PAA and, in addition, it can 
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be associated to the oxidation of hydrogen peroxide to oxygen. This behaviour was 

previously proposed for hydrogen peroxide in the literature where it is stated that there is 

an optimum value of current density for its production (which is a consequence of the 

applied potential for a given system) at which the production of hydrogen peroxide is 

optimum [39, 40]. However, it was not described for the production of PAA and the only 

comment on that was made in a previous work of our group, where it was stated that at 

high current densities the mineralization of the acetic acid and even the PAA produced 

can take place, lowering the efficiency of the oxidant generation process [17]. Thus, the 

increased efficiency in the production of hydroxyl radicals may explain the higher 

production rate of PAA with increasing current density from 12 to 52 A m-2, while the 

later decrease of the efficiency may be related to the further oxidation of PAA and 

reduction (and also oxidation) of hydrogen peroxide.  

The evolution of both oxidants and PAA with the applied electric charge for the cell 

equipped with DSA® anode is gathered in Figure 3.  

 

Figure 3. Oxidants (3.a) and PAA (3.b) synthesis with DSA® anode and carbon felt 

cathode. ○ j = 12 A m-2; ▲ j = 27 A m-2;  j = 52 A m-2; + j = 215 A m-2 

 

In this case, the concentration of oxidants and PAA is similar for the two lowest values 

of current density (12 and 27 A m-2) and it decreases for higher current densities. 
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Moreover, it is observed that the maximum PAA production yield is lower than that 

obtained for the cell equipped with BDD anode. Both results can be explained attending 

to the nature of the anode material. In the case of using DSA® as anode, the hydroxyl 

radicals produced are not available to the oxidation of acetic acid because they react to 

the anodic materials leading to higher oxidation state of the metals in the MMO electrodes 

[41], which are not efficient in the production of oxidants. Hence, the unique PAA 

production pathway is the oxidation of acetic acid by hydrogen peroxide (Equation 1). 

Thus, the dependence of the production of oxidants (and PAA) is similar to that described 

in literature for the production of hydrogen peroxide using carbon-based cathodes. That 

is, lower efficiency in the production for higher values of current density due to the 

reduction and oxidation of hydrogen peroxide (equations 5 and 6) [20, 39, 42].  

According to these results, it is demonstrated that the maximum PAA production yield is 

obtained when using a BDD anode and a moderate value of current density (in the range 

from 27 to 52 A m-2). Moreover, it was checked that the combined production of PAA 

and hydrogen peroxide in the same system is a complex process in which several reactions 

take place simultaneously and this complex interaction lead to the existence of optimum 

conditions. Thus, it is crucial to understand the specific importance of any of these 

reactions in order to find the way to improve the PAA production yield and efficiency.  

 

3. 3. Influence of reactor configuration 

Versatility of electrochemical cells is one of their main features and a key for the 

development of an efficient reactor is a complete understanding of the mechanisms 

involved in the reaction under study. In order to improve this understanding, we tested 

three different configurations, in a cell equipped with BDD and operating at the optimum 

current density: 1) single compartment cell (without membrane); 2) double compartment 
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cell with flow direction cathode-anode (cell equipped with membrane in which the fluid 

flows first through the cathode and afterwards to the anode compartment),  3) double 

compartment cell with flow direction anode- cathode (vice versa of cell 2). Figure 4 

gathers the results obtained in terms of PAA production. 

 

Figure 4. PAA production using BDD anodes and different reactor configurations. ▲ 

anode-cathode; ○ cathode-anode; +  undivided reactor. j = 27 A m-2 

 

Although the three configurations proposed permit a complete mixing of both cathodic 

and anodic solutions, the production rate of the configuration anode-cathode is, 

unexpectedly, higher than in the other two configurations. This means that the best option 

for producing high amounts of PAA is to flow the raw matter first thought the anode, 

where PAA is produced and to stabilize this product with hydrogen peroxide produced in 

the cathode compartment.   

The relative residence time of the electrochemical cell compared to the reservoir can 

behave as another key point of the system. In the system designed in the present work, 
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the ratio between the volume of the reservoir and the volume of the compartments of the 

cell is, approximately, 10:1. This means that the reaction between acetic acid and 

hydrogen peroxide, a chemical reaction that proceeds wherever in the bulk, takes place 

mainly in the reservoir. If the solution is first circulated through the anode and 

subsequently through the cathode, the concentration of hydrogen peroxide is maximum 

at the outlet of the reactor, and it can be preferentially used in the oxidation of acetic acid, 

hindering its oxidation at the anode. On the contrary, if the solution is circulated first 

through the cathode or if the reactor is undivided, the produced hydrogen peroxide is fully 

available to be oxidized at the anode and it cannot be efficiently used in the main reaction 

in the bulk.  

To prove this hypothesis, the concentration of hydrogen peroxide was measured, for the 

same applied electric charge, in different points of the two configurations with membrane: 

at the outlet of the reactor (position 1) and at the outlet of the cathode compartment 

(position 2). Figure 5 gathers the average H2O2 concentration (average concentration of 

six samples taken until an applied electric charge of 4.5 Ah dm-3) measured at two 

different points of the reactor throughout the tests, together with a schematic 

representation of the reactor configuration and the expected main reactions in the different 

points of the experimental set-up.  
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Figure 5. Average hydrogen peroxide at different positions of the reactor and with two 

different configurations. 1: outlet of the reservoir; 2: outlet of the cathode; C-A:cathode-

anode; A-C: anode-cathode. BDD anode; j: 27 A m-2. 

 

There is a noticeable difference between the concentration at the outlet of the reactor and 

the outlet of the cathode, the latter showing the highest concentration of hydrogen 

peroxide in both configurations. At this point, it is worth noting that the production of 

hydrogen peroxide at the BDD anode is expected to be much lower than that produced at 

the cathode, especially taking into account the high sp3/sp2 ratio of the BDD layer used 

(sp3/sp2 ratio of 255) [43]. This result confirms the hypothesis previously raised: the high 

volume ratio between the reservoir and the electrochemical cell causes that the reaction 

between PAA and hydrogen peroxide is performed mainly in the reservoir, causing the 

decrease in the concentration of hydrogen peroxide. Thus, in the case of the C-A 

configuration, the maximum concentration of hydrogen peroxide is found at the inlet of 

the anode, increasing the oxidation rate of hydrogen peroxide. Conversely, in the A-C 
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configuration, the concentration of hydrogen peroxide is lower at the inlet of the anode 

(outlet of the reactor) and is the highest at the inlet of the reservoir, thus enhancing the 

formation of PAA from acetic acid.  

4. Conclusions. 

The following conclusions can be drawn from this work: 

 

- The production of hydrogen peroxide is essential for an efficient accumulation of 

PAA, because of the chemical equilibria between acetic acid, hydrogen peroxide 

and PAA. 

- The PAA production yield is higher when BDD is used as anode material 

compared to when using DSA, because of the promotion of the oxidation of the 

raw material via hydroxyl radicals. 

- Large current densities do not favour the efficiency of the process because they 

promote the decomposition of PAA and hydrogen peroxide by different processes. 

Among the values tested in the present work, the best results were obtained with 

a current density of 27.0 A m-2 and using BDD anodes.  

- The configuration of the electrochemical cell played a significant role in the 

performance of the process. For the configuration anode-cathode, (the cell works 

with membrane and the solution is circulated first through the anode compartment 

and after through the cathode compartment) the hydrogen peroxide is 

preferentially used in the oxidation of acetic acid and is less available to be 

oxidized at the anode, giving the maximum accumulation of PAA. 
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Figure sup.1. Detailed scheme of the two configurations when the cell is operated with 

membrane: anode-cathode and cathode-anode. 1: anode compartment; 2: cathode 

compartment; 3: air compartment. 

 

 

 

 

 

 

 

 

 

 

 

 


