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Abstract 

Carbon materials with different structural and chemical properties, namely activated 

carbons, carbon xerogels, carbon nanotubes, graphene oxide, graphite and glycerol-based 

carbon materials, were tested under different operating conditions for their ability to catalyse 

hydrogen peroxide (H2O2) decomposition in aqueous solutions. Activated carbons treated 

with concentrated sulphuric acid (ACS) are the most active catalytic materials for H2O2 

decomposition in most of the conditions studied, due to the presence of sulphur containing 

functional groups at their surface. In addition, ACS proved to be a stable catalyst in 

reutilization tests for H2O2 decomposition. Methanol was used as selective scavenger of 

hydroxyl radicals (HO
•
), to show that activated carbons with a markedly basic character lead 

to the highest yield of HO
•
 formed during the H2O2 decomposition process (14%, after 

150 min of reaction). Overall, from the mechanistic interpretation of H2O2 decomposition, it 

is concluded that the presence of sulphur containing functional groups at the surface of the 

activated carbons improves the removal of H2O2 in aqueous solutions, but, on the other hand, 

the selective decomposition of H2O2 via HO
•
 formation is enhanced by the presence of basic 

active sites on the carbon surface. 
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1. Introduction 

Hydrogen peroxide (H2O2) – at room temperature, a colourless liquid with a bitter taste – is 

usually available in dilute form (3% to 10%) for household use, and in concentrated form 

(higher than 30%) for industrial applications [1]. Commercially, H2O2 is mostly used in 

disinfectants and deodorants, whereas in industry it is also considered as a bleaching agent for 

textiles and paper production, as a component of rocket fuels, as a reactant for producing foam 

rubber and as an oxidizing agent in wastewater treatments and in several other processes [1-3]. 

H2O2 is naturally unstable, since it decomposes readily to oxygen and water with release of heat, 

therefore a stabilizer (e.g. acetanilide) is usually added to the H2O2 formulation with the aim of 

slowing down the rate of its spontaneous decomposition [1]. Thus, some industrial wastewaters 

fed to biological processes contain significant amounts of H2O2 and, in some particular cases, 

traces of H2O2 can also be found in municipal wastewaters. Since H2O2 leads to the destruction of 

bacterial cells [4], the efficiency of the biological processes tends to decrease when H2O2 is in 

solution and, in such case, appropriate technologies for the removal of H2O2 from wastewaters 

should be applied. 

On the other hand, selective decomposition of H2O2 through the formation of highly 

reactive hydroxyl radicals (HO
•
) is important in some advanced oxidation processes (AOP) 

used for wastewater treatment, such as in the case of the so-called catalytic wet peroxide 

oxidation (CWPO) process, which is a liquid phase remediation technology often applied 

before a biological treatment and involving the use of H2O2 and a suitable catalyst [2]. CWPO 

is particularly attractive due to the use of mild conditions in comparison to other AOP [5] and, 

recently, it has been shown that activated carbon materials can act as metal-free catalysts for 

the CWPO of organic pollutants in aqueous solution [6-9], thus avoiding the presence of 

metallic species at the end of treatment, a typical drawback related with the use of 

homogeneous or unstable heterogeneous metallic catalysts [10, 11]. Therefore, in this 
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particular case, the complete and selective decomposition of H2O2 into HO
•
 by means of 

metal-free carbon materials is desired.  

In the present work, (i) the decomposition of H2O2 using carbon materials as catalysts as 

well as (ii) the yield of HO
•
 formed during the decomposition process were analysed. Carbon 

materials with different structural and chemical properties were tested: a commercial activated 

carbon (Norit ROX 0.8, used as received and chemically modified by liquid phase and 

thermal treatments), a carbon xerogel prepared by polycondensation of resorcinol with 

formaldehyde, a commercial multi-walled carbon nanotube (Sigma-Aldrich), graphene oxide, 

natural graphite and a glycerol-based carbon material prepared by partial carbonization of 

glycerol in concentrated sulphuric acid. 

This study will be important when using carbon materials for the removal of H2O2 from 

industrial (or even municipal) wastewaters fed to biological processes and, for this reason, a 

wide range of operating conditions was considered, with subsequent assessment of the 

suitability of the best catalyst to be used at the industrial scale. In addition, the determination 

of HO
•
 formed during the catalytic H2O2 decomposition process was assessed, and a 

mechanism was proposed for the decomposition of H2O2 via formation of HO
•
 in parallel with 

the decomposition of H2O2 into other species, thus allowing for the correct interpretation of 

the experimental data, which is relevant when dealing with AOPs based on H2O2. 

2. Materials and methods 

2.1. Reactants 

Resorcinol (99 wt.%), iron (III) nitrate nonahydrate (98 wt.%), formaldehyde solution 

(37 wt.% in water, stabilized with 15 wt.% methanol), methanol (99.8 wt.%), titanium (IV) 

oxysulphate (15 wt.% in dilute sulphuric acid, 99.99%) and hydrochloric acid (37%) were 

purchased from Sigma-Aldrich. H2O2 (30% w/v) and sodium hydroxide (98 wt.%) were 
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obtained from Panreac. Sulphuric acid (96–98 wt.%), nitric acid (65 wt.%) and urea 

(65 wt.%) were obtained from Riedel-de-Haën. Glycerol (99 wt.%) was obtained from Alfa 

Aesar. Potassium permanganate (99%) was supplied by Merck. All chemicals were used as 

received without further purification. Distilled water was used throughout the work. 

2.2. Carbon materials 

Six types of carbon materials, with different structural characteristics, were initially 

considered in this work: (i) the commercial activated carbon Norit ROX 0.8 (AC), (ii) a 

carbon xerogel (CX), (iii) a commercial sample of multi-wall carbon nanotubes (> 90% 

carbon basis, O.D. × I.D. × L: 10-15 nm × 2-6 nm × 0.1-10 μm) obtained from 

Sigma-Aldrich, ref. 677248 (CNT), (iv) graphene oxide (GO) obtained from (v) natural 

graphite (particle size ≤ 20 µm, 99.9995% purity, obtained from Sigma-Aldrich) and (vi) a 

glycerol-based carbon material (GBCM).  

AC is a commercial acid washed extruded activated carbon produced by steam activation 

and, as specified by the supplier, characterized by a high purity and an ash content of only 

3 wt.% (0.02 wt.% Fe). 

CX was prepared by polycondensation of resorcinol with formaldehyde (with a molar ratio 

of 1:2), following the procedure described elsewhere [12]. 9.91 g of resorcinol were added to 

18.8 mL of deionised water in a glass flask. After complete dissolution, 13.5 mL of 

formaldehyde solution were also added. In order to achieve the desired initial pH of the 

precursor solution (6.1), sodium hydroxide solution was added dropwise under continuous 

stirring and pH monitoring. The gelation step was allowed to proceed at 358 K during 3 days. 

After this period the gel was dark red and the consistency of the material allowed the sample 

to be shaped as desired. The gel was further dried in oven from 333 K to 423 K during several 
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days, defining a heating ramp of 20 K day
-1

. After drying, the gel was pyrolyzed at 1073 K 

under a nitrogen flow (100 cm
3
 min

-1
) in a tubular vertical oven. 

CNT are commercial carbon nanotubes (Arkema Inc., Graphistrength
®
 C100) with 

contents of alumina and iron oxide under 7 wt.% and 5 wt.%, respectively, and without 

detectable free amorphous carbon [13-15]. 

GO was obtained from natural graphite by using the modified Hummers method [16, 17], 

as described elsewhere [18]. 50 mL of concentrated sulphuric acid was added gradually with 

stirring and cooling to a 500 mL flask containing 2 g of graphite. Then, 6 g of potassium 

permanganate were added slowly to the mixture. The suspension was continuously stirred for 

2 h at 308 K. After that, it was cooled in an ice bath and subsequently diluted by 350 mL of 

distilled water. Afterwards, H2O2 (30% w/v) was added in order to reduce residual 

permanganate to soluble manganese ions, a bright yellow colour appearing in the suspension. 

The oxidized material was purified with an hydrochloric acid solution (10 wt.%) and the 

suspension was then filtered, washed several times with distilled water until the neutrality of 

the rinsing water was reached, and dried at 333 K for 24 h to obtain graphite oxide. The 

resulting material was dispersed in a given volume of water and sonicated in an ultrasound 

bath (ultrasonic processor UP400S, 24 kHz) for 1 h. The sonicated dispersion was centrifuged 

for 20 min at 3000 rpm to remove unexfoliated graphite oxide particles from the supernatant, 

GO being obtained by this way. 

GBCM was prepared by partial carbonization of glycerol adapting the procedure described 

elsewhere [19]. A mixture of glycerol (10 g) and concentrated sulphuric acid (40 g) was 

gently heated to 453 K and left at that temperature for 20 min to allow in situ partial 

carbonization and sulfonation. During heating, the liquid gradually got darker and, at 418 K, 

the mixture started to foam intensely, quickly thickened and gained density resulting in a 
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black solid, which was then cooled, washed and filtered in warm water until the neutrality of 

the rinsing waters was reached. 

Except for CNT, GO and graphite, all other materials were ground to particle sizes in the 

range 0.106-0.250 mm. 

2.2.1. Modified carbon materials 

The original powdered AC was modified by liquid phase, thermal and hydrothermal 

treatments, resulting in the production of four additional activated carbon samples, following 

the procedures reported elsewhere [6, 20]: a 50 g L
-1 

mixture containing AC in concentrated 

sulphuric acid solution (18 mol L
-1

) was kept for 3 h at 423 K in a 500 mL round-bottom flask 

heated by an oil bath; the recovered solids were thoroughly washed with distilled water until 

the neutrality of the rinsing waters was reached, and further dried in an oven for 18 h at 

383 K, resulting in ACS materials. A 50 g L
-1

 mixture containing AC in nitric acid (5 mol L
-1

) 

was kept for 3 h at boiling temperature, the recovered solids washed and further dried in oven 

for 18 h at 383 K, resulting in ACN materials; a 40 g L
-1

 mixture containing ACN in urea 

solution (1 mol L
-1

) was kept in a 125 mL stainless steel autoclave under autogenous pressure 

at 473 K for 2 h, the recovered samples being thoroughly washed with distilled water until the 

neutrality of the rinsing waters was reached, and further dried overnight in oven at 383 K, 

resulting in the ACNU materials; a gas phase thermal treatment was then applied, in which 1 

g of ACNU was heated under a nitrogen flow (100 cm
3
 min

-1
) at 393 K, 673 K and 873 K 

during 60 min at each temperature and then at 1073 K for 240 min, using a heating ramp of 

2 K min
-1

, resulting in the ACNUT materials. 

2.3. Characterization techniques 

The textural properties of all tested materials were determined from N2 

adsorption-desorption isotherms at 77 K, obtained in a Quantachrome NOVA 4200e 
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adsorption analyser. The specific surface area (SBET) was calculated using the BET method, 

the non-microporous surface area (SNon-mic) and the micropore volume (VMic) were obtained by 

the t-method. The single point adsorption total pore volume (VTotal) was calculated at 

P/Po = 0.995. 

Temperature Programmed Desorption (TPD) analysis was performed in a fully automated 

AMI-300 Catalyst Characterization Instrument (Altamira Instruments), equipped with a 

quadrupole mass spectrometer (Dymaxion, Ametek). The carbon sample (0.10 g) was placed 

in a U-shaped quartz tube inside an electrical furnace and heated at 5 K min
-1

 up to 1073 K 

using a constant flow rate of helium (25 cm
3
 min

-1
). The mass signals m/z = 28 and 44 were 

monitored during the thermal analysis, the corresponding TPD spectra being obtained. CO 

and CO2 were calibrated at the end of each analysis with the respective gases [21]. 

The point of zero charge (PZC) was determined by the pH drift method following the 

procedure described elsewhere [22]. Five solutions with varying initial pH were prepared 

using HCl and NaOH solutions (0.02 mol L
-1

 and 1.0 mol L
-1

) and NaCl (0.01 mol L
-1

) as 

electrolyte; 50 mL of each solution was contacted with 0.15 g of carbon sample and the 

suspension stirred for 24 h before the equilibrium pH was measured. The PZC value of each 

carbon sample was determined by intercepting the obtained final pH vs. initial pH curve with 

the straight line final pH = initial pH [23, 24]. 

The concentration of acidic active sites at the materials surface was determined as reported 

in recent works developed by our group [6, 25], by adding 0.2 g of each sample to 25 mL of a 

0.02 mol L
-1

 NaOH solution. The resulting suspension was left under stirring for 48 h at room 

temperature. After filtration, to remove the solid material, the unreacted OH
−
 was titrated with 

a 0.02 mol L
-1

 HCl solution. The initial concentration of acidic functionalities was then 

calculated by the difference between the amount of NaOH initially present in the suspension 

and the amount of NaOH determined by titration, and finally dividing this value by the mass 
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of material. The concentration of basic active sites was determined in a similar way, this time 

by adding the carbon sample to a 0.02 mol L
-1

 HCl solution and titrating the solution obtained 

after stirring and filtration with a 0.02 mol L
-1

 NaOH solution. Phenolphthalein was used as 

indicator in both titrations. 

2.4. H2O2 decomposition experimental procedures 

Two distinct experimental procedures were considered during this work: experiments 

monitoring the concentration of H2O2 and experiments monitoring the amount of oxygen 

formed, either with or without the presence of methanol (20 g L
-1

), which acts as a trap for 

HO
•
. These experimental procedures allow us to discriminate between alternative surface 

catalysed H2O2 decomposition pathways [26].   

In both experimental procedures, the H2O2 decomposition reactions were performed in a 

500 mL well-stirred (600 rpm) glass reactor, equipped with a condenser, a temperature 

measurement thermocouple, a pH measurement electrode and a sample collection port. The 

reactor was loaded with 250 mL of distilled water and heated by immersion in a water bath 

monitored by a temperature controller. Upon stabilization at the desired temperature, the 

solution pH was adjusted by means of H2SO4 and NaOH solutions. Following the conditions 

used in recent works developed by our group [6, 8, 25], a calculated volume of H2O2 (6 wt.%) 

was then injected into the system, in order to reach a H2O2 concentration ([H
2
O

2
]) of 

34.6 mmol L
-1

 and, after its complete mixing, the catalyst was added to the solution, that 

moment being considered as t0 = 0 min. Typical experiments were performed during 150 min, 

at T = 323 K, pH = 3 and catalyst load = 0.1 g L
-1

. Iron nitrate nonahydrate was used as Fe
3+

 

source in a homogeneous H2O2 decomposition run. In the H2O2 decomposition experiments 

monitoring the concentration of H2O2, the samples for analysis were periodically withdrawn 

through the sample collection port. In the H2O2 decomposition experiments monitoring the 
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amount of oxygen formed, the sample collection port was kept closed and the gas was 

continuously collected through a flexible hose attached to the neck of the condenser.  

2.5. Analytical methods 

The concentration of H2O2 was followed by a colorimetric method [27], adapted from the 

literature [28]. 1 mL of filtered sample was added to 1 mL of sulphuric acid solution 

(0.5 mol L
-1

) in a 20 mL volumetric flask, to which 0.1 mL of titanium oxysulfate was added. 

The resulting mixture was diluted with distilled water and further analysed by UV-vis 

spectrophotometry (T70 spectrometer, PG Instruments, Ltd.).  

  The formation of oxygen was volumetrically quantified. An inverted graduated cylinder 

immersed in a water bath at room temperature was connected to the reactor trough a flexible 

hose. The amount of oxygen formed was initially quantified through the water displacement 

in the inverted graduated cylinder, being then corrected considering the pressure of the water 

column and the differences between room and reaction temperatures.     

Selected experiments were performed in duplicate, in order to assess reproducibility and 

error of the experimental results obtained through the analytical methods used to quantify 

oxygen and H2O2. The error was less than 3% for both methods. 

2.6. H2O2 decomposition kinetics 

In order to evaluate the global H2O2 decomposition rate, a first order kinetic law was used 

[26, 29, 30], Equation 1, where kd represents the apparent H2O2 global decomposition rate 

constant (min
-1

). 

 

 

(1) 
rd= −

d H2O2 

dt
= kd H2O2  
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3. Results and discussion 

3.1. Textural and surface chemistry characterization 

The textural properties of the tested carbon materials, determined as described in 

Section 2.3, are summarized in Table 1. As observed, AC is essentially a microporous 

material (VMic/VTotal higher than 0.5), characterized by a high surface area and possessing the 

highest value of SBET amongst the six types of carbon materials initially considered in this 

work. In the opposite, GO, graphite and GBCM are non-porous materials, with VTotal ranging 

from 0.02 cm
3
 g

-1
 to 0.04 cm

3
 g

-1
. Furthermore, GBCM presents the lowest SBET amongst the 

initial tested carbon materials. As expected, CNT are non-microporous materials, with 

VMic = 0 cm
3
 g

-1
. Nevertheless, CNT present a significant specific surface area and a VTotal 

above 1 cm
3
 g

-1
, which is primarily due to adsorption on the external surface of the tubes [31] 

and to adsorption on the surface of the inner cavities of some open CNT (the measured 

specific surface area is slightly higher than the calculated geometric area, suggesting that a 

small fraction of CNT have some open ends). CX is a typical mesoporous material, with a 

ratio VMic/VTotal of 0.17.  

Regarding the activated carbon samples produced by modification of the original AC, it is 

concluded from Table 1 that the treatment with concentrated sulphuric acid (ACS) does not 

affect the textural properties of AC and that the successive chemical treatments with 

concentrated nitric acid (ACN) and urea (ACNU), as well as the thermal treatment (ACNUT), 

mainly lead to a slight development of mesopores, since the SNon-mic value successively 

increases as the materials are subjected to new treatments, without noteworthy modification 

of the microporosity.  
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Table 1. Specific surface area (SBET, ± 10 m
2
 g

-1
), non-microporous surface area (SNon-mic, 

± 10 m
2
 g

-1
), total pore volume (VTotal, ± 0.01 cm

3
 g

-1
) and micropore volume (VMic, 

± 0.01 cm
3
 g

-1
) of the carbonaceous materials. 

Material 
SBET/ SNon-mic/ VTotal/ VMic/ VMic/VTotal 

m
2
 g

-1
 m

2
 g

-1
 cm

3
 g

-1
 cm

3
 g

-1
   

AC 850 190 0.61 0.33 0.54 

CX 650 240 1.09 0.19 0.17 

CNT 248  279  1.01  0.00  0.00 

GO 22 20 0.04 0.00 0.00 

Graphite 12 18 0.04 0.00 0.00 

GBCM 10 10 0.02 0.00 0.00 

ACS 850 190 0.60 0.33 0.55 

ACN 873 196 0.61 0.31 0.52 

ACNU 902 218 0.61 0.31 0.52 

ACNUT  1055  239 0.63  0.34 0.55 

 

The surface acid-base chemical properties of the carbon materials were also determined, 

the corresponding values being gathered in Table 2. It can be seen that AC and CX possess an 

evident basic character, with a concentration of basic functionalities higher than the 

concentration of acidic functionalities and a PZC above 7. CNT also have a basic character, 

with a PZC of 8.1, but in this case possessing a concentration of acidic functionalities larger 

than the concentration of basic functionalities, suggesting the presence of strong basic 

functional groups and weak acidic functional groups. In contrast, GBCM, due to the presence 

of high amounts of sulphonic acid groups, is characterized as a strong solid acid carbon 

material [19], as revealed by its low PZC value of 1.3. GO, although possessing an undefined 

concentration of acidic functionalities due to its partial decomposition occurring in the basic 

conditions used for the determination of this parameter [32], also shows a pronounced acidic 

nature, as revealed by a low PZC value of 2.8. Graphite presents a slightly acidic character, 
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with a concentration of acidic functionalities higher than the concentration of basic 

functionalities and a PZC value of 5.5. 

 

Table 2. Acid-base properties (± 10 µmol g
-1

) and point of zero charge (PZC, ± 0.1) of the 

carbonaceous materials. 

Material PZC 
Acidity/ Basicity/ 

µmol g
-1

 µmol g
-1

 

AC 7.6 360 530 

CX 9.2 410 490 

CNT 8.1 400 80 

GO 2.8 (a) 0.0 

Graphite 5.5 190 140 

GBCM 1.3 (b) 4.0 

ACS 2.0 1000 190 

ACN 1.6 2300 220 

ACNU 6.1 1240 500 

ACNUT
 

10.3  530 890  

 (a) GO partially decomposes under strong alkaline conditions, since the contact with a 

base promotes decarboxylation of GO sheets [33].  

(b) GBCM is an unstable material under basic conditions and partially decomposes. 

 

As expected, the materials resulting from the chemical treatments of AC with concentrated 

sulphuric acid and with concentrated nitric acid exhibit a pronounced acidic character, with 

PZC values in the range 1.6 to 2.0. The introduction of nitrogen containing functionalities, 

upon chemical treatment with urea, increases the PZC of the resulting material (ACNU) up to 

values near the neutrality, followed by a substantial decrease of acidic active sites and a large 

increase of basic active sites; the subsequent thermal treatment promotes the removal of acidic 

active sites by thermal decomposition and enables the production of a material with a high 

concentration of basic active sites (ACNUT), which gives it a markedly basic character (PZC 
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value of 10.3). These results are in line with those obtained by TPD (Table 3), where it is 

possible to confirm that ACNUT is the material with the lowest concentration of 

oxygen-containing functionalities decomposing as CO and CO2, while in the opposite, ACN 

is that with the highest concentration. 

 

Table 3. Concentration of oxygen containing functionalities (± 20 µmol g
-1

) released as CO 

and CO2 during TPD of the activated carbon materials subjected to different liquid phase 

treatments. 

Material 
CO/ 

µmol g
-1

 

CO2/ 

µmol g
-1

 

CO/ 

CO2 
% O 

AC 1242 345 3.6 3.1 

ACS 2010 655 3.1 5.3 

ACN 4393 2369 1.9 14.6 

ACNU 2870 1455 2.0 9.2 

ACNUT 445 119 3.7 1.1 

 

Analysing the values in Table 2 in more detail, it is also clear that all the modified carbon 

materials present higher values of acidic active sites when compared to the original AC. This 

suggests that the number of available electrons is lower on the carbon surface of the modified 

materials, since most of the oxygen-containing functionalities on the surface have an electron 

withdrawal capacity [9], resulting in the confinement of electron density on the oxygen 

functionalities and consequent increase of the acidity on the neat graphene basal planes of the 

activated carbon. Furthermore, it is expected that the number of available electron donating 

active sites decreases with the increase of acidic functionalities, since these functional groups 

are generated in the same active sites by capture of the available electrons [34]. The influence 

of the concentration of oxygen-containing functionalities on the hydrogen peroxide 

decomposition activity of these materials will be later explored in section 3.2.1.  
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3.2. Catalytic decomposition of H2O2 

Screening experiments were carried out to evaluate the ability of the carbon materials (AC, 

CX, CNT, GO, graphite and GBCM) to act as catalysts in H2O2 decomposition. The 

corresponding results, obtained under the typical conditions referred in Section 2.4, are 

collected in Figure 1. The best performing material is AC, able to decompose 63% of the 

initial H2O2 content after 150 min of reaction, by far superior to the other materials, which 

never exceeded 4% H2O2 decomposition extent after the same period of time. The results 

obtained are in line with those recently reported in the literature, concluding about the 

positive relationship between catalytic activity in H2O2 decomposition and the disorder in the 

structure of the carbon materials, normally associated with less developed graphene layers, 

higher microporous texture and more available electrons [35], since H2O2 decomposition 

involves the transference of electrons from the carbon surface to the molecule, in order to be 

reduced [36]. The higher catalytic activity of AC for H2O2 decomposition, compared to the 

catalytic activities of the other tested carbon materials, is thus explained by the microporous 

nature and the highly disorganized structure of this material, resulting in higher amount of 

unsaturated carbon atoms, which are usually associated with high concentrations of unpaired 

electrons [37]. Furthermore, AC has a significantly larger SBET compared to the other tested 

carbon materials (cf. Table 1), also resulting in a larger number of electron donating active 

sites available for H2O2 decomposition.  

However, as mentioned in Section 2.2, AC contains Fe in its composition (0.02 wt.%). 

Bearing this in mind, it would be reasonable to argue that leaching of Fe species into solution 

may contribute to the observed activity, since it is well known that Fe ions are very active 

catalysts in CWPO (Fenton process) [34]. In the run performed with AC under typical 

conditions, the maximum amount of Fe that could be leached into the solution would never 

exceed 0.02 mg L
-1

 (a hundredfold lower than the allowed limits by European Union 
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Directives for treated water). Thus, the possible effect of homogeneous catalysis promoted by 

this amount of Fe was simulated using a Fe
3+

 solution with the same concentration, and 

maintaining the other parameters with the same values as defined for typical conditions. The 

decomposition of H2O2 obtained under these conditions was negligible, since it is below 3% 

after 150 min of reaction. 

   

Figure 1. H2O2 decomposition obtained in runs performed under typical conditions 

(T = 323 K, pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.1 g L
-1

) with the six types 

of carbon materials initially considered (AC, CX, CNT, GO, graphite and GBCM). Points 

represent experimental data, while lines represent the kinetic model described by Equation 1. 

 

3.2.1. Influence of surface chemistry 

As observed, amongst the materials initially tested, AC exhibits inherent properties that are 

the most relevant for the H2O2 catalytic decomposition process. Thus, in order to improve the 

performance of the activated carbons, it is of interest to study the influence of their surface 

chemistry on the H2O2 catalytic decomposition. For that purpose, two different chemical 

modification approaches were followed. First, ACS was produced by chemical treatment of 

AC with concentrated sulphuric acid, since this methodology is able to introduce sulphur 

containing functional groups onto the carbon surface [6], which are known to increase the 
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efficiency of CWPO processes [25]. Second, efforts were made to produce a carbon material 

with a markedly basic character, like ACNUT, since several authors reported carbon materials 

with basic character as more active for H2O2 decomposition in CWPO processes [7-9, 29]. 

This last methodology is able to introduce nitrogen containing functional groups onto the 

carbon surface [20], which are also known to increase the extent of H2O2 decomposition [39]. 

The modified activated carbon materials were tested in H2O2 decomposition, the 

corresponding results being given in Figure 2. For comparison purposes, the H2O2 

decomposition curve obtained in the run performed with the original AC is also given. It is 

observed that, under the typical conditions, ACS presents practically the same catalytic 

activity for H2O2 decomposition as the original AC, whereas all the other modified carbon 

materials exhibit lower performances, with catalytic activities following the sequence 

ACNUT > ACNU > ACN. The catalytic activities of AC, ACN, ACNU and ACNUT are in 

line with the discussion in Section 3.1, since they follow the opposite sequence of their acidic 

active sites content (cf. Table 2), i.e., the catalytic activity is higher for materials with less 

oxygen-containing functionalities.  

In an apparent contradiction to the previous discussion, the ACS material reveals higher 

catalytic activity than ACNUT, and similar catalytic activity to AC, in spite of its higher 

concentration of acidic active sites. This fact, which becomes quite evident when the apparent 

H2O2 global decomposition rate constant (kd) is plotted against the concentration of acidic 

active sites of the catalysts (cf. Figure 3), can be explained by the role of sulphur containing 

functional groups in the catalytic H2O2 decomposition process, as discussed in a previous 

work [25]. These observations suggest that the acidic functionalities present at carbon 

surfaces cannot be analysed only in terms of quantity, but also by their quality. 
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Figure 2. H2O2 decomposition obtained in runs performed under typical conditions 

(T = 323 K, pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.1 g L
-1

) with the original 

AC and with the modified activated carbons ACS, ACN, ACNU and ACNUT. Points 

represent experimental data, while lines represent the kinetic model described by Equation 1. 

 

 

Figure 3. Apparent H2O2 global decomposition rate constant (kd) obtained after 150 min in 

runs performed under typical conditions (T = 323 K, pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and 

catalyst load = 0.1 g L
-1

) with the original AC and with the modified activated carbons ACS, 

ACN, ACNU and ACNUT vs. their concentration of acidic active sites. 
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3.2.2. Influence of operating conditions 

The three catalysts with higher catalytic activity for H2O2 decomposition under the typical 

conditions (i.e., AC, ACS and ACNUT) were selected for further studies, namely to study the 

influence of the operating conditions on the decomposition of H2O2. For that purpose, the 

effects of temperature, pH and catalyst load on their performances were considered 

individually, maintaining the other parameters with the same values as defined for typical 

conditions.  

The effect of reaction temperature was studied in the range 303 K to 343 K and the 

corresponding apparent H2O2 global decomposition rate constants (kd) are given in Figure 4a. 

With all catalysts, it is observed that the reaction rate increases as a consequence of increasing 

the temperature and, whatever the temperature considered, the relative activity sequence of 

the materials remains the same, i.e. AC > ACS > ACNUT. It is also observed that ACNUT 

presents the lowest increase in activity with increasing temperature, reflecting the relative 

lower activity of this material compared to AC and ACS, which is magnified at higher 

temperatures. Furthermore, the apparent activation energies (Ea) obtained for the catalytic 

H2O2 decomposition with the studied activated carbons range between 16.4 kJ mol
-1

 and 

23.6 kJ mol
-1

, which are in line with the values reported in literature for other catalysts 

[39-41]. 

It is well known that a carbon surface may have both negatively and positively charged 

sites, depending on the solution pH. At some pH – the point of zero charge (PZC) – the 

overall surface charge will be zero, but for pH values below the PZC, the surface will be 

covered by protonated groups [37, 42]. Thus, solution pH strongly affects the nature of the 

carbon surface, becoming therefore an important variable for further analysis. The effect of 

solution pH was studied performing H2O2 decomposition experiments under the typical 

conditions, except the pH, which was varied in the range 3 to 9. The apparent H2O2 global 
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decomposition rate constants (kd) obtained with AC, ACS and ACNUT at different solution 

pHs are given in Figure 4b.  Similarly to the effect of operating temperature, increasing pH in 

the range studied favours H2O2 decomposition, regardless of the activated carbon catalyst 

considered. Nevertheless, a deeper analysis of Figure 4b reveals that the increase of H2O2 

decomposition with increase of pH observed with each carbon material is qualitatively 

different. For example, the H2O2 decomposition rate achieved when using AC as catalyst is 

the highest amongst the three materials at pH = 3; but the same material presents the lowest 

H2O2 decomposition rate when the pH is increased. This observation, together with the 

behaviours of ACS and ACNUT in this study, contradicts the explanation which considers 

that H2O2 decomposition is mainly due to its dissociation as weak acid, favoured at higher 

pH, as reported in previous works [43, 44]. In face of this theory, it would be reasonable to 

expect that the behaviour of the catalysts would be a direct consequence of their PZC [29, 35]. 

However, the differences in the surface chemistry of ACS and ACNUT (cf. Table 2), along 

with the results in Figure 4b, suggest that the acidic or basic nature of the carbon surface is 

unable, by itself, to determine the extent to which H2O2 is decomposed. In fact, the results 

suggest that both sulphur containing and nitrogen containing functional groups may be the 

key factor in establishing differences between H2O2 decomposition rates observed in the pH 

range studied. From a global analysis of the results in Figure 4b, it can be concluded that ACS 

reveals the best performance in the decomposition of H2O2 in most of the pH range studied, 

thus being regarded as the potentially most interesting metal-free carbon catalyst for H2O2 

removal from wastewaters. 
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Figure 4. Influence of temperature (a), pH (b) and catalyst load (c) on the apparent H2O2 

global decomposition rate constant (kd) obtained in runs performed with AC, ACS and 

ACNUT. 
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0.5 g L
-1

. The apparent H2O2 global decomposition rate constants (kd) obtained with different 

catalyst loads are given in Figure 4c, putting in evidence the superior performance of ACS. 

As expected, increasing catalyst load increases H2O2 decomposition, with almost complete 

H2O2 decomposition being achieved with all tested catalysts after 150 min of reaction when 

using a catalyst load of 0.5 g L
-1

, as observed in Table 4, which gathers the results obtained in 

all H2O2 decomposition experiments performed under the different operating conditions 

reported in this section, in terms of H2O2 decomposition extent after 150 min (XH2O2
). 

 

Table 4. H2O2 decomposition (XH2O2
) obtained after 150 min in runs performed with AC, 

ACS and ACNUT under different operating conditions. 

Catalyst load/ g L
-1

 pH Temperature/ K 
XH2O2

/ % 

AC ACS ACNUT 

0.1 3 303 43 42 30 

0.1 3 323 63 62 45 

0.1 3 343 78 75 53 

0.1 5 323 50 69 60 

0.1 7 323 55 65 64 

0.1 9 323 62 68 68 

0.3 3 323 88 98 93 

0.5 3  323  99 100 99 

 

3.2.3. Reutilization studies 

In the previous section, ACS was found to perform better than AC and ACNUT in the 

majority of the conditions studied. Accordingly, it was selected for reutilization studies 

performing a series of three consecutive H2O2 decomposition runs, considering T = 323 K, 

pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.5 g L
-1

.  After each run, the catalyst 

was filtered, washed and dried overnight at 333 K, and then reused with a fresh H2O2 

solution. The aim of this study was to assess the catalyst stability for the H2O2 decomposition 

process, a basic requirement for its application at the industrial scale.  
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The results obtained in this series of experiments, in terms of H2O2 decomposition curves, 

are given in Figure 5. As expected, it can be observed that H2O2 decomposition is faster in the 

first run when compared to the second run, due to the possible oxidation of some active sites 

at the carbon surface. Nevertheless, the differences between the second and third run are less 

significant, suggesting that ACS may be an active and stable catalyst for the removal of H2O2 

in aqueous solutions at the industrial scale. 

 

 

Figure 5. H2O2 decomposition obtained in a series of three consecutive runs, considering the 

reuse of ACS at T = 323 K, pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.5 g L
-1

. 

Points represent experimental data, while lines represent the kinetic model described by 

Equation 1. 
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development of carbon materials as catalysts for CWPO of organic pollutants [2, 9, 31]. Thus, 

it is of utmost importance to quantify the ability of the catalysts to promote the decomposition 

of H2O2 via formation of HO
•
. For that purpose, the yield of HO

•
 formed during the H2O2 

decomposition process was obtained considering the following mechanism for H2O2 

decomposition (Table 5), which is based on a literature survey [26, 29, 30, 35, 38, 46-53]: 

 [H2O2] can be decomposed via HO
• 

formation, with the participation of reducing active 

sites [S] existing at the carbon surface (Equation 2); 

 Hydrogen peroxide [H2O2] adsorbed over the oxidized active sites [S
+
] can be decomposed 

to hydroperoxyl radicals (HOO
•
) and a proton (H

+
) regenerating  [S] (Equation 3); 

 Adsorbed hydroperoxyl radicals (HOO
•
) and a proton (H

+
) can produce atomic oxygen 

(which may remain trapped in the surface and account for the formation of carbon surface 

oxides) and water when in contact with reducing active sites [S] existing at the carbon 

surface (Equation 4); 

 Due to self-annihilation, H2O2 in the bulk can be decomposed to HOO
•
, HO

•
, O2 and water, 

by reacting with formed HOO
•
, HO

•
 and O2

•−
 (Equations 6-8). Because of the low 

bimolecular rate, equations 7 and 8 will have a negligible contribution to this self-

annihilation process. H2O2 in the bulk may also be decomposed through its dissociation as 

a weak acid (Equation 5). 

  Finally, the radicals HO
•
, HOO

•
 and O2

•−
 can react with themselves resulting mainly in O2, 

water and some minor amounts of regenerated H2O2 (Equations 10-16), or in the case of 

HOO
•
, decomposing by a first order process (Equation 9). 

 

Most of the reactions included in Table 5 (Equations 6-16) are extensively accepted in 

AOPs [54, 55], in addition to the catalytic surface reactions (Equations 2-4). 
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Table 5. Reaction mechanisms for H2O2 decomposition. 

Reaction Comment / Rate   

[H2O2 + S] → HO
•
 + OH

−
 + [S

+
] This study (2) 

[H2O2 + S
+
]  → HOO

•
 + H

+
 + [S] This study (3) 

 [HOO
•
 + H

+
 + S] → H2O + [O

•
 + S

+
] This study (4) 

H2O2 ⇄ H
+
 + HO2

−
 pKa = 11.75 [50] (5) 

H2O2 + HO
•
 → H2O + HOO

•
 2.7 × 10

7
 M

−1
 s

−1
 [47] (6) 

H2O2 + HOO
•
 → HO

•
 + H2O + O2 3 M

−1
 s

−1
 [51] (7) 

H2O2 + O2
•−

  → HO
•
 + OH

−
 + O2 0.13 M

−1
 s

−1
 [53] (8) 

HOO
•
 → O2

•−
 + H

+
 1.58 × 10

5
 s

−1
 [46] (9) 

O2
•−

 + H
+
 → HOO

•
 1 × 10

10
 M

−1
 s

−1
 [46] (10) 

HO2
−
 + HO

•
 → HOO

•
 + OH

−
 7.5 × 10

9
 M

−1
 s

−1
 [48] (11) 

HO
•
 + HOO

•
 → H2O + O2 6.6 × 10

9
 M

−1
 s

−1
 [49] (12) 

HO
•
 + HO

•
 → H2O2 5.5 × 10

9
 M

−1
 s

−1
 [47] (13) 

HOO
•
 + HOO

•
 → H2O2 + O2 8.3 × 10

5
 M

−1
 s

−1
 [46] (14) 

HO
•
 + O2

•−
 → OH

−
 + O2 8 × 10

9
 M

−1
 s

−1
 [52] (15) 

HOO
•
 + O2

•−
 → HO2

−
 + O2 9.7 × 10

7
 M

−1
 s

−1
 [46] (16) 

 

It is clear from the proposed mechanism that the experiments that monitor only the 

concentration of H2O2, such as those reported so far, are not enough to determine the amount 

of HO
•
 formed, since H2O2 decomposition may proceed either via HO

•
 formation on the 

surface (as described by Equation 2) and in the bulk (Equations 7 and 8), or via other species 

(as described by Equations 3, 5 and 6); thus, further studies were planned in order to achieve 

the desired objective, namely to obtain the yield of HO
•
 formed during the H2O2 

decomposition process using the three catalysts with higher activity for H2O2 decomposition 
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under the typical conditions (AC, ACS and ACNUT, cf. Section 3.2.1). Bearing this in mind, 

a new set of H2O2 decomposition experiments was performed, in which the amount of oxygen 

formed was monitored. In addition, two other separate sets of experiments were performed, 

namely the decomposition of H2O2 in which the concentration of H2O2 was monitored, and 

the decomposition of H2O2 in which the amount of oxygen formed was monitored, using 

methanol (MeOH) as HO
•
 scavenger, a fast reaction that proceeds as schematically indicated 

in Equation 17 [26, 56].  

 

HO
•
 + MeOH → Products (17) 

 

Accordingly, when MeOH is used, the H2O2 decomposition mechanism proceeds mainly 

by Equations 2-4 and 17. Since the reaction of MeOH with HOO
•
 or O2

•−
 is known to occur 

very slowly and these radicals are in very minute concentrations according to the kinetics 

indicated in Table 5, no significant interference occurs in the amount of oxygen formed 

through the reactions described by Equations 3 and 4 [38, 57] and, as the reaction given by 

Equations 12-16 will not be important in the presence of MeOH, it can be assumed that the 

difference between the oxygen formed in the H2O2 decomposition experiments performed 

with and without MeOH is equivalent to the amount of HO
•
 formed along the process. 

Likewise, the difference between the H2O2 consumption in the H2O2 decomposition 

experiments performed with and without MeOH can be attributed to the H2O2 

self-annihilation reaction described by Equation 6. 

Taking into consideration the previous observations, the yield of HO
•
 formed during the 

H2O2 decomposition process (YHO•) can be evaluated using Equation 18, where nHO• 

represents the moles of HO
•
 formed during the H2O2 decomposition process, obtained by the 

difference between the oxygen formed in the H2O2 decomposition experiments performed 
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with and without MeOH, and nH2O2, MeOH represents the moles of H2O2 consumed during the 

H2O2 decomposition experiment performed with MeOH, which is equivalent to the maximum 

amount of HO
•
 that could be formed, by Equations 2, 7 and 8, from the effectively 

decomposed H2O2. 

 

 

(18) 

 

The results obtained in all H2O2 decomposition experiments performed with AC, ACS and 

ACNUT (either monitoring the concentration of H2O2 or the amount of oxygen formed, with 

and without MeOH) are shown in Figure 6a, b and c, respectively. From a first analysis of the 

results, it is concluded that the proposed mechanism is supported by the experimental data. 

For instance, the H2O2 self-annihilation promoted by formed HO
•
, as described by Equation 6, 

is quite significant when AC is used as catalyst, being negligible when ACNUT is considered; 

i.e. the differences in H2O2 decay between the experiments performed with and without 

MeOH are relevant for AC (Figure 6a), indicating that the reaction described by Equation 6 

prevails, while they are negligible for ACNUT (Figure 6c), suggesting that the reactions 

described by Equations 3, 4 and 9-16 prevail in opposition to the self-annihilation of H2O2 

shown in Equation 6. On the contrary, the largest difference between the oxygen formed in 

the H2O2 decomposition experiments performed with and without MeOH is observed when 

ACNUT is used as catalyst, suggesting that ACNUT, although not showing the highest 

catalytic activity for the global decomposition of H2O2, is the catalyst with the highest 

selectivity for the decomposition of H2O2 via formation of HO
•
, as described by Equation 2. 

In order to confirm these observations, the yield of HO
•
 formed during the H2O2 

Y𝐻𝑂•

%
  =  

nHO
•

nH2O2, MeOH

 × 100 
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decomposition process (YHO•) was evaluated using Equation 18, as previously described. The 

corresponding results are gathered in Table 6. 

 

 

 

 

Figure 6. H2O2 decomposition (filled symbols) and oxygen formation (open symbols) during 

H2O2 decomposition experiments performed under typical conditions (T = 323 K, pH = 3, 

[H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.1 g L
-1

) with AC (a), ACS (b) and ACNUT (c). 

Experiments performed with (circles) and without (squares) MeOH (20 g L
-1

). Points 

represent experimental data, while lines represent the kinetic model described by Equation 1. 
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From the results in Table 6, it is clear that all the tested materials are able to act as catalysts 

in the H2O2 decomposition via HO
•
 formation. The highest YHO• amongst the tested materials 

is obtained when using ACNUT as catalyst and the YHO• values follow the order 

ACNUT > AC > ACS. This order is in accordance with the concentration of basic active sites 

at the surface of the materials (cf. Table 2), suggesting that the basicity of carbon materials 

increases the yield of HO
•
 formation, which may be explained by the reducing character of 

basic groups, necessary condition for the promotion of the reaction described by Equation 2, 

which is in line with other results published in literature [35, 44, 58]. This relationship is 

clearly visible when YHO• is plotted against the concentration of basic active sites at the 

surface of the carbon materials (cf. Figure 7), where the existence of a linear correlation 

becomes evident. 

 

Table 6. Yield of HO
•
 formed during the H2O2 decomposition process (YHO•) and related 

parameters, obtained after 150 min in H2O2 decomposition experiments performed under 

typical conditions (T = 323 K, pH = 3, [H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.1 g L
-1

) 

with AC, ACS and ACNUT. Experiments performed with and without MeOH (20 g L
-1

). 

Material 
Parameter 

nH2O2, MeOH/ mmol nHO•/ mmol YHO•/ % 

AC 4.9 0.50 10 

ACS 5.1 0.39 7.7 

ACNUT 4.4 0.63 14 
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Figure 7. Yield of HO
•
 formed during the H2O2 decomposition process (YHO•) obtained after 

150 min in runs performed under typical conditions (T = 323 K, pH = 3, 

[H2O2]0 = 34.6 mmol L
-1

 and catalyst load = 0.1 g L
-1

) with the original AC and with the 

modified activated carbons ACS and ACNUT vs. their concentration of basic active sites. 

Points represent experimental data, while line represents the linear fitting (r
2
 = 0.97). 

4. Conclusions 

Amongst the tested carbon materials, characterized by different structural and chemical 

properties, the classical activated carbons are found to be the best solution for the 

non-selective decomposition of H2O2 in aqueous solutions.  

In particular, the material resulting from the treatment of the original activated carbon with 

concentrated sulphuric acid (ACS) presents the highest catalytic activity in the majority of the 

reaction conditions studied, with the observed activity being attributed to the presence of 

sulphur containing functional groups at the materials surface.  

By proper selection of the reaction conditions, ACS was found as a very effective material 

for the decomposition of H2O2, since the complete removal of H2O2 could be achieved.  

Further reutilization studies suggest that ACS may also be a stable catalyst for the removal 

of H2O2 in aqueous solutions at the industrial scale.  
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In order to quantify the ability of the catalysts to promote the decomposition of H2O2 via 

formation of HO
•
, a reaction mechanism was proposed, considering this pathway in parallel 

with the decomposition of H2O2 via other species, allowing the interpretation of the 

experimental data.  

Accordingly, ACNUT – an activated carbon material with a markedly basic character – led 

to the highest yield of HO
•
 formed during the H2O2 decomposition process (14% at the typical 

reaction conditions). Furthermore, the results obtained suggest that the basicity of carbon 

materials enhances the yield of HO
•
 formation.  

In summary, it is concluded that sulphur containing functional groups at the surface of 

activated carbons promote the non-selective decomposition of H2O2 in aqueous solutions, 

while the selective decomposition of H2O2 via HO
•
 formation is favoured by basic active sites 

on the surface of activated carbons. 
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