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Abstract

This work evidences for the first time the production of CO and NOx during the removal 

of nitrogen containing pollutants in water by Fenton Process, the most popular method 

for Advanced Oxidation Processes. Four representative nitrogen containing pollutants 

were selected, viz. aniline, 4-nitrophenol, pyridine and monoethanolamine. The gas 

effluent accumulated after 3 h of reaction at 90 °C and 3 bar was analysed. In all cases, 

the carbon and nitrogen mass balance was assessed. Also, an on-line off-gas analysis 

system was set up to monitor the off-gas variation of CO and CO2 from the beginning of 

the reaction. 

CO2 was the major component of the gas effluent. It was progressively produced upon 

oxidation. In contrast, CO was detected in fairly lower amounts and it was immediately 

produced after H2O2 injection, due to the rupture and opening of the aromatic ring. The 

CO formation was more favorable upon degradation of aromatic than aliphatic 

compounds, or when the nitrogen was in the aromatic ring, as in the case of pyridine. The 

nitrogen functional groups were majorly transformed into NH4
+ and NO3

-, while NOx was 

detected in low amounts (<1 mg/m3) and favoured in presence of –NO2 group. 
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These results highlight the importance of monitoring the gas phase generated in the 

treatment of high-loaded wastewater by AOPs in order to guarantee the environmental 

sustainability of the processes. 

 Keywords: N-containing organic compounds; gas monitoring; CO and NOx formation; 

Fenton process; advanced oxidation process. 

1. Introduction

The most stringent emission limits for toxic and priority pollutants require more efficient 

technologies to meet the current water quality standards [1]. Advanced Oxidation 

Processes (AOPs) are considered effective and environmentally sustainable technologies 

to remove persistent organic pollutants from water [2, 3] or to convert them into 

biodegradable compounds [4, 5, 6, 7]. These technologies involve the in-situ production 

of hydroxyl radicals (HO●) at sufficient concentration to effectively react with the 

pollutants in water, oxidizing them. A gas effluent is produced due to the formation of 

gaseous compounds from the oxidation of organic pollutants [8].

A great number of processes are classified under the definition of AOPs. Most of them 

use a combination of strong oxidizing agents (e.g. H2O2, O3) with catalysts (e.g. transition 

metal ions, metallic nanoparticles or carbon based catalysts) and irradiation (e.g. 

ultraviolet, visible, microwave), sonication or electrolysis [9-15]. The wide variety of 

industrial discharges make necessary the selection of the better-performing process 

adapted to each situation, processes that must integrate wastewater and gas treatment to 

assure the effectiveness and sustainability expected by obtaining environmentally 

compatible effluents [16].   

Hazardous pollutants can be successfully removed from water if the treatment conditions 

are adequately controlled. The composition of the resulting gas effluent depends on the 
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nature of the pollutant itself [16, 17] and also on the treatment conditions as far as they 

directly affect the intermediate distribution [16]. The recent study of Carbajo et al. [16] 

devoted to the characterization of the gas effluents in Fenton Oxidation Process revealed 

for the first time the formation of significant amounts of CO, along with CO2, as carbon 

gaseous compounds upon the treatment of high-loaded phenolic wastewater. It was 

demonstrated that CO was mainly formed during the oxidative cleavage of aromatic rings. 

In case of the treatment of nitrogen-containing pollutants by AOPs, different N-gaseous 

species have been detected in recent studies [17, 18]. Thus, harmless molecular N2 was 

the only nitrogen species in the off-gas effluent during the CWAO of ammonia [18] while 

traces of NO and NO2 (three order of magnitude lower than the initial nitrogen in solution) 

were detected upon the electrochemical oxidation of 670 mg/L of 4-nitrobenzoic acid and 

several substituted aminobenzoic acids [17]. In none of these works, the N balance was 

analysed, neither CO nor CO2 were measured in the gas effluent.

Considering the industrial implementation of the Fenton Process for the treatment of 

different types of non-biodegradable industrial wastewater such as pharmaceutical, 

cosmetic, refinery or petrochemical wastewater [6,19], which can contain high 

concentrations of nitrogen pollutants, it seems pertinent the assessment of the gas effluent 

in the course of the Fenton process to specially evaluate the formation and emission of 

noxious gaseous species such as CO and NOx. 

Herein, four representative nitrogen containing pollutants, viz. aniline (AN), 4-

nitrophenol (4NPH), pyridine (PYR) and monoethanolamine (MEA), have been selected 

(their corresponding chemical structures are shown in Figure S1 of the Supplementary 

Material). A precise determination of CO, CO2 and NOx amounts in the gas phase and the 

total carbon and nitrogen content in the liquid phase has allowed the accurate analysis of 

the carbon and nitrogen mass balance. An on-line off-gas analysis system was set up to 
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monitor the off-gas variation of CO and CO2, the most representative species in the gas 

effluent, upon oxidation reaction. This study provides a good overview of the 

effectiveness and sustainability of the AOPs processes for the treatment of nitrogen 

containing pollutants and, in particular, a better understanding of the potential gaseous 

noxious emissions in Fenton processes.

2. Experimental

2.1. Chemicals

Hydrogen peroxide solution (30% w/v) and FeCl2·4H2O (>98.0 %) were purchased from 

Sigma-Aldrich. Standard solutions of phenol (Sigma-Aldrich), aniline (Panreac), 4-

nitrophenol (Panreac), monoethanolamine (Sigma-Aldrich), ammonium chloride (Sigma-

Aldrich), NaNO3 (Panreac) and NaNO2 (Panreac) were employed for calibration of High 

Performance Liquid Chromatography (HPLC) and Ionic Chromatography (IC). A 

certified gas standard mixture (CO and CO2 balanced in N2) purchased from Praxair was 

used for quantification purposes. H2SO4 (Panreac) and methanol were HPLC grade. 

Na2CO3 (Panreac), NaHCO3 (Merck), 2,6-Pyridinedidicarboxylic acid (Sigma-Aldrich) 

and nitric acid (65% Panreac) were used for mobile phase preparation in IC analysis and 

TiOSO4 (Riedel-deHaën) was employed for H2O2 determination. HCl (37% Panreac) was 

used to adjust the initial pH of the reaction media. All these reagents were of analytical 

grade and were used without further purification. All solutions were prepared with 

deionized water.

2.2. Fenton experiments

Oxidation runs were performed in a stainless steel high-pressure reactor (BR-300, 

BERGHOF) operated in batch mode for both gas and liquid phase. A detailed description 

of the set-up and the experimental procedure was described elsewhere [16]. Aqueous 
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solutions containing AN, 4NPH, PYR or MEA were treated by Fenton oxidation under 

the standard conditions of: VL=310 mL, CN-pollutant = 1000 mg/L, stoichiometric dosage of 

H2O2 for complete mineralization of the selected pollutant, T= 90º C, pH0=3, CFe2+=100 

mg/L and a stirring speed of 600 rpm. After 3 h of reaction, the gas phase was collected 

in a Tedlar bag and analysed. Also, the liquid sample was immediately analysed. These 

operating conditions were selected from a previous work due to the high mineralization 

degree achieved in the phenol Fenton Oxidation [16].

For experiments in which CO and CO2 were continuously monitored, the gas exit of the 

stainless steel high-pressure reactor (BR-300, BERGHOF) was connected to an online 

infrared gas analyser to monitor CO and CO2 upon Fenton oxidation. During this reaction, 

1 L/min N2 stream was continuously flowed into the reactor to vent the reaction gas 

effluent, which passed through a trap of water and before entering to the detector. These 

oxidation experiments were carried out at lower initial concentrations of the nitrogen 

pollutant (CN-pollutant =100 mg/L) and catalyst (CFe2+=100 mg/L) to prevent signal 

saturation in the CO2 detector. Other operating conditions remain unaltered 

(stoichiometric dosage of H2O2, T= 90º C and pH0=3). 

2.3. Analytical methods

Gas phase was collected in a Tedlar bag. NOx, CO and CO2 were measured by different 

techniques. NOx species (NO + NO2), measured both as nitrogen monoxide (NO), were 

quantified in a chemiluminescence CLD 60 Analyser (Ecophysics). CO2 and CO were 

analysed in a GC (Bruker 3900 model) using a 30 m Carboxen 1000 column with He as 

carrier gas (30 mL/min). The GC was equipped with a thermal conductivity detector 

(TCD) set at 150 ºC, and the following temperature program was employed: 35 °C (5 

min) to 200 °C at 20 °C/min, hold at 200 °C for 8 min. 
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For those experiments in which CO and CO2 were on-line monitored, the gas exiting the 

reactor at 1 L/min (containing the Fenton off-gas and the N2 carrier) was analysed using 

an Ultramat 23 infrared detector (Siemens). CO2 and CO signals were recorded every 6 s 

during 15 min of reaction in ppmv. By the integration of these curves, the accumulated 

amounts of CO2 and CO produced (in mg) were calculated. 

AN, 4NPH and PYR were analysed by HPLC (Varian ProStar) using a C18 column 

(Eclipse Plus C18, 150x4.6 mm, 5 μm) at 323 K. For AN determination, elution of the 

mobile phase started with 80% water and 20% of methanol in volume for 1 min, then a 

linearly progressive gradient from 20% of methanol to 100% was executed in 3 min. For 

4NPH and PYR quantification, a water/methanol mixture at 50/50 and 80/20 ratios at 1 

mL/min was used as mobile phase, respectively. A photo-diode array detector at 

wavelengths of 230, 254 and 326 nm were used for AN, 4NPH and PYR, respectively. 

MEA and NH4
+ were analysed by IC (Metrohm 790 IC) using a Metrosep C4 column 

(250 x 4 mm) as stationary phase and 0.9 mL/min of a 1.7 mM aqueous HNO3 solution 

with 0.775 g/L of 2,6-pyridinedidicarboxylic acid as the mobile phase. NO3
- and NO2

-  

were analysed by IC (Metrohm 883 IC) using a Metrosep A supp 5 column (250 x 4 mm) 

as stationary phase and 0.7 mL/min of an aqueous solution of 3.2 mM Na2CO3 and 1 mM 

NaHCO3 as the mobile phase. 

Total Organic Carbon (TOC) and Total Inorganic Carbon (TIC) in the liquid effluent were 

measured using a TOC Analyser (Shimadzu, mod. TOC-Vsch). Total Nitrogen (TN) was 

measured in a TOC Analyser (Shimadzu, mod. TOC-L) equipped with a TNM-L detector. 

Hydrogen peroxide concentration was analysed by colorimetric titration TiOSO4 method 

in a UV2100 Shimadzu UV–vis spectrophotometer [20].
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The content of on carbon, hydrogen and nitrogen of the recovered suspended solid in the 

AN Fenton oxidation was measured by Elemental Analysis (EA) in a LECO CHNS-932 

Elementary Chemical Analyzer.

3. Results and discussion

Different experiments have been carried out using 1000 mg/L of the nitrogen-containing 

pollutants, the stoichiometric amount of hydrogen peroxide for its complete oxidation and 

100 mg/L of Fe2+. Pollutant concentration, TOC removal and H2O2 consumption were 

measured after 3 h of reaction at 90 ºC for the four-selected compounds. Data are shown 

in Figure 1a. The results obtained with phenol in a previous work [16] have been also 

included for the sake of comparison. As it can be seen, there are differences in the 

reactivity of these pollutants. Thereby, AN and 4NPH were completely oxidized, 

achieving high TOC conversions, 70 and 60%, respectively. The results obtained for AN 

were similar to those found for phenol at the same operating conditions. However, 4NPH 

oxidation rate was slower. In fact, only when the reaction was continued until total 

hydrogen peroxide consumption (5 h), a similar mineralization degree as with phenol was 

achieved (XTOC=73%). On the other hand, PYR and MEA were less reactive. Only 

pollutant conversions of 53 and 89%, respectively, were achieved with low mineralization 

degrees (36 and 30%, respectively).

Attending to these results, the oxidability of the tested pollutants is: 

PH>AN>4NPH>>PYR>MEA. This can be explained attending to their different 

chemical structure. For instance, the aromatic compounds are more reactive than 

aliphatic. For this reason, AN was more susceptible to react with HO• species and was 

oxidized at a higher rate than MEA though both pollutants contain the same -NH2 group. 

The low conversion of PYR (XPYR=50%) comparing to the others aromatic pollutants at 

the same conditions (Figure 1a) can be related to the electron withdrawing effect of the 
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nitrogen atom, which reduces the electronic density in the ring structure [21, 22]. This 

effect is stronger when nitrogen is located in the ring (PYR) than when is substituent such 

as -NO2 for 4NPH. In contrast, AN with an electron-donating group (-NH2) is the most 

reactive nitrogen-containing pollutant. 
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Figure 1. Results obtained in the degradation of different nitrogen-containing pollutants by 

Fenton oxidation at pH0=3, [Fe2+]=100 mg/L, T=90 °C, [Pollutant]0=1000 mg/L, stoichiometric 

dosage of H2O2, and 180 min of reaction time. Pollutant, hydrogen peroxide and TOC conversions 

(a), CO/CO2 ratio and total amount of CO2 and CO (b) and carbon distribution in the off-gas (c).

3.1 CO formation and carbon mass balance

The gas phase accumulated in the reactor after 3 h of Fenton oxidation reaction was 

collected and analysed. The amounts of CO and CO2 (in mg) produced along with the CO 

yields, represented as CO/CO2, are provided in Figure 1b. Besides, the carbon mass 

balance is shown in Figure 1c, where the contribution of the gaseous products (viz. CO 

and CO2) and the species in the liquid phase (measured as TOC and TIC) is provided in 

terms of carbon percentage. 

As it can be observed in Figures 1a and b, the CO2 production is in accordance to the 

mineralization achieved. For instance, c.a. 500 mg of CO2 were quantified in the phenol 

Fenton oxidation at 79% of TOC removal and this value was reduced to c.a. 100 mg in 

the MEA oxidation at 30% TOC removal. Note that when the mineralization achieved is 

high and consequently the production of CO2, viz. for PH, AN and 4NPH, the presence 

of CO2 absorbed in the liquid phase (TIC) is also high. In fact, the TIC fraction 

represented the 10% of the total carbon (Figure 1c). Taking into account that the sum of 

carbon percentage in the gas and liquid phase is fairly closed to 100% for the four 

nitrogen-containing pollutants, see Figure 1c, the CO and CO2 amounts measured can be 

considered reliable. For the mass balance of AN (Figure 1c), the solid fraction detected 

and measured after reaction has been also considered and was attributed to polyaniline 

species (PA), typically produced by AN polymerization during the oxidation process [23].
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On the other hand, CO was also detected in the gas phase after 3 h of reaction for each 

pollutant, but this noxious species was produced in a lesser extend (from 0.5 to 9 mg, 

Figure 1b) than CO2. Remarkable, the CO production seemed to depend more on the type 

of pollutant than on the mineralization achieved and consequently the CO yield (CO/CO2 

ratio) changed from one compound to another. In this sense, PYR notes for its high CO 

yield (Figure 1b). This value was unexpectedly high considering that only half of the 

pollutant is degraded in comparison to the total disappearance of PH, AN or 4NPH 

(Figure 1a). These results point out that the ring opening of the PYR must occur in such 

a way as to favour the CO production.

In the AN oxidation, a dark suspended solid was formed once the H2O2 was injected. 

After 3 h of reaction, the solid was recovered by evaporation of the liquid effluent, 

weighted and analysed by EA. It had the non-negligible contribution of c.a. 5% to the 

carbon mass balance and a composition similar to polyaniline species (see Table S1 of 

the Supplementary Material). Precisely, the significant presence of these condensation 

products can be the reason for the slightly lower CO yield for AN compared to PH.

As can be observed in Figure 1b, significant low CO/CO2 ratios were found for 4NPH 

compared to PH. This can be explained by the fact that 4NPH is favourably oxidised 

through catechol route instead of hydroquinone [24], being the former less selective to 

CO, as it has been reported in a previous work [16].

In the case of MEA, a minor CO production was detected (0.5 mg) and the CO/CO2 ratio 

was negligible, which is accordance to the aliphatic nature of this compound [16]. 

In order to gain an insight into the emission of gaseous species upon Fenton oxidation 

and in particular on the CO yield of the different nitrogen containing pollutants, the 

continuous monitoring of the gas effluent was carried out to analyse the evolution of CO 
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and CO2 during 15 min of reaction (at 90 ºC and 100 mg/L of pollutant). The data recorded 

in the analyser as ppmv of CO and CO2 released in the exit gas are given in Figures 2a 

and b. As it can be seen, there is a significant peak of CO and CO2 at the beginning of the 

reaction, from 1 to 2 min, for the most oxidable compounds, viz. PH, AN and 4NPH, and 

eventually decreases with the reaction time. This observation indicates that the 

mineralization occurs immediately after the injection of H2O2. For PH, the most reactive 

pollutant, the peaks are observed at 1 min of the reaction and the signal of CO and CO2 

(in ppmv) are significantly higher than for AN (c.a. 1.5 min) and 4NPH (c.a. 2 min.). 

Interestingly, PYR shows an increase of the CO signal at 1 min reaction time while the 

CO2 detected was very low, results consistent with its highest CO yield (Figure 1b). Also, 

as expected according to the previous results (Figure 1) and the lower pollutant 

concentration employed in these experiments (100 ppm), the CO signal monitored upon 

MEA oxidation were negligible, being at the threshold of the detection of the equipment.
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Figure 2. CO (a) ad CO2 (b) released in the gas effluent obtained in the degradation of different 

nitrogen-containing pollutants by Fenton oxidation at the following operating conditions: 

[Pollutant]0=100 mg/L, stoichiometric dosage of H2O2, [Fe2+]=100 mg/L, T=90 °C and 15 min 

reaction time.
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Figure 3. Temporal profiles of the accumulated amount of CO (a) and CO2 (b) obtained in the 

degradation of different nitrogen-containing pollutants by Fenton oxidation at the following 

operating conditions: [Pollutant]0=100 mg/L, stoichiometric dosage of H2O2, [Fe2+]=100 mg/L, 

T=90 °C and 15 min reaction time.

Figure 3 provides the accumulated amounts of CO and CO2 (in mg) calculated from the 

data recorded in Figure 2. It is remarkable that for PH, AN and 4NHP, CO is faster 

produced at the beginning of the reaction and tends towards an asymptotic value within 

the 15 min of the experiment (Figure 3a). In contrast, the CO2 release seems to be 

continued upon reaction time (Figure 3b). These observations are consistent with the fact 

that CO is mainly formed during the oxidative cleavage of aromatic rings [16], which are 

the first intermediate species analysed in the reaction media. As long as they are oxidized 

and the initial compound is removed (see Figure S2 of the Supplementary Material), the 

CO production becomes negligible. However, CO2 is progressively formed through the 

mineralization of the remaining different intermediates. On the contrary, in the case of 

PYR, the CO asymptotic value is not observed within the 15 min because the PYR 

conversion is low (see Figure S2) and consequently the aromatic intermediates are 

expected to be present in the media. Due to the low amounts of CO detected for MEA, 
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conclusive results regarding the CO yields cannot be drawn, nevertheless these results 

points out that CO production is minimized when this type of aliphatic pollutants are 

oxidised.

Finally, the evolution of the CO/CO2 ratio represented in Figure 4 shows the prominent 

values for PYR, for which a high CO/CO2 ratio is maintained upon the reaction time, due 

to the low progress of the oxidation reaction upon the 15 min time of the monitoring 

(Figure S2). Also high CO yields can be observed for PH and 4NPH at the beginning of 

the reaction which is indicative of the ring cleavage of the aromatic species. For AN, this 

behaviour is more moderate probably because initially the aniline also condensates to 

polyanilines.  
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Figure 4. Evolution of CO yields, expressed as CO/CO2 ratio (in mg), during the 

degradation of different nitrogen-containing pollutants by Fenton oxidation at the 

operating conditions of Figure 2.

3.2. Nitrogen by-products and mass balance 

The concentration of nitrogen oxides such as NO and NO2, lumped as NOx species, were 

measured in the gas phase after 3 h of oxidation carried out at 1000 ppm of initial pollutant 



15

and 90 ºC. The results obtained for each pollutant are provided in Figure 5a. As it can be 

observed, NOx was produced in trace amounts (< 1 mg/Nm3) for AN, 4NPH and PYR, 

while for aliphatic compounds such as MEA, NOx was not produced or at such low levels 

that it could not be measured. As it can be discerned from Figure 5a, those pollutants with 

-NO2 groups, as 4NPH, favours the production of NOx. These results are in accordance 

to those semi-quantitatively estimated by García-Segura et al. [17] during the 

electrooxidation of nitro and amino benzoic acids. 

Though the contribution of nitrogen as NOx species was negligible to the nitrogen mass 

balance, the levels of NOx released upon Fenton processes should not be underestimated 

as demonstrated by the fact that the concentration of NOx upon the 4NPH oxidation at 3 

h of reaction (c.a. 1 mg/Nm3) exceeded the limit values of NO2 in air (40 μg/m3) for the 

protection of human health according to the Directive 2008/50/EC [25].

The distribution of the nitrogen containing by-products in the liquid phase after 3 h of 

reaction is given in Figure 5b. The inorganic nitrogen species measured were ammonia 

(NH4
+), nitrite (NO2

-) and nitrate (NO3
-). The rest of nitrogen required to achieve the 

TN180 value (total nitrogen in the liquid effluent after 3 h of reaction) was attributable to 

the remaining initial pollutant and undetermined nitrogen by-products such as 

formamides or acetamides, very common in MEA oxidation [26,27]. 

The nature of the nitrogen functional group in the organic pollutant affects the distribution 

of N-species by-products (Figure 5b). Thus, AN and MEA, with an amino group, mainly 

yielded NH4
+. 4NPH, with a nitro group, gave rise to NO3

- while NH4
+ was formed in 

very low concentration. In the case of a pyridine, the predominant species was NH4
+, 

though NO3
- and NO2

- were also detected in low amounts. 
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Figure 5. Concentration of NOx in the off-gas (b) and nitrogen distribution in the liquid effluent 

(b) after 180 min reaction on the Fenton oxidation of the selected pollutants at the operating 

conditions of Figure 1.

Finally, as can be observed in Figure 5b, the differences between the initial (TN0) and 

final (TN180) total nitrogen in the liquid phase varied from 1.1 % for PYR to 7.5% for 

AN. These differences revealed a decrease of nitrogen mass in the liquid phase during the 

oxidation process that cannot be explained by the low amounts of NOx detected in this 

work. Thus, other possible nitrogen by-products such as solid condensation products 

containing nitrogen or gaseous species as N2 cannot be discarded [17,18,23].

4. Conclusions
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The results of this work highlight the importance of monitoring the gas phase generated 

during the treatment of high-loaded wastewater containing nitrogen organic pollutants by 

Fenton Oxidation Process in order to guarantee the environmental sustainability of the 

process, and also to properly follow the progress of the reaction.

The nature of the organic compound (aromatic or aliphatic), the nitrogen functional group 

(viz. -NH2, -NO2), or the presence of N in a heterocyclic compound (pyridine) determine 

the oxidability of the pollutants and have repercussion on the emission of gaseous species. 

The main conclusions achieved are: 

- CO2 is the main gaseous compound and it is progressively formed upon Fenton 

oxidation

- The CO production (~104 mg/Nm3) is simultaneous to the rupture and opening of 

the aromatic ring. 

- CO yields are significantly higher when the nitrogen is part of the aromatic ring, 

as in the case of pyridine.

- NOx production is favoured in presence of –NO2 group (~1 mg/Nm3) but its 

contribution to nitrogen mass balance is negligible. 

- N-species by-products mainly remain in the liquid phase: amino group and 

pyridine majorly yields NH4
+, and nitro group to NO3

-. 
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Supplementary Material

Table S1. The relative content of carbon, hydrogen and nitrogen (wt.%) in the suspended 

solid recovered after 3 h of AN Fenton oxidation. Measured by Elemental Analysis in a 

LECO CHNS-932 Elementary Chemical Analyzer. Comparison to the theoretical content 

in polyaniline (leucoemeraldine base [C6H4NH]n)

C H N

Suspended 

solid
83.5 6.6 9.9

Theoretical 

polyamine 
86.8 3.5 9.7
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Aniline

M.W. = 93.13

4-nitrophenol

M.W. =  139.11

Pyridine

M.W. =  79.1

Monoethanolamine

M.W. =  61.08

NH2

OH

NO2

C C O HN
H

H

H

H

H

H
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Figure S1. Chemical structure of the nitrogen containing pollutants.
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Figure S2. Temporal profiles of pollutant, TOC and CO concentrations upon Fenton 

oxidation at the following operating conditions: [Pollutant]0=100 mg/L, stoichiometric 

dosage of H2O2, [Fe2+]=10 mg/L, T=90 °C.


