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Abstract: Catalytic wet oxidation (CWO) of aqueous effluents rich in organic 
compounds is a very promising technology for the treatment of liquid wastes from biomass 

conversion processes. CWO reactions occur through the formation of free radical species, 

produced in the presence of an oxidant, which act on organic contaminates in the effluent. 

Although the reaction is well known, there exists a lack of affordable catalysts to conduct 

this process at the lower temperatures and pressures in novel bioenergy processes. This 

study assessed the catalytic effect of nitrogen-doped chars as such an option. Phenol in 

aqueous solution was used as a model waste effluent. Treatment was conducted at moderate 

temperatures (190 to 260 °C), oxygen partial pressure of 1 MPa, and reaction times of 15, 

30, and 45 min in stainless steel and glass-lined tube reactors. High pressure liquid 

chromatography (HPLC) analyses of the products quantified phenol and byproduct 

concentrations used in the calculation of reaction activation energy. The char catalyst was 

studied by X-ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy 

(TEM) and Scanning Electron Microscopy (SEM) in order to gain insight into its structure 

and surface composition. The results indicate that nitrogen-doped char catalysts accelerate 

the oxidation of phenol by decreasing its reaction activation energy from 82.2 kJ/mol (non-

catalyzed) to 40.4 kJ/mol (catalyzed). An analysis from first principles using Density 

Functional Theory (DFT) was conducted to ascertain which N functional group have the 

most significant impact on free radical formation in the presence of oxygen. Among all the 

N functional groups studied the di-pyridinic functional groups showed the most promising 

characteristics to facilitate the formation of hydroxyl free radicals.  
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Highlights:  
 
• Available treatment of phenol contaminated water is reviewed, and active carbons are 

proposed as an inexpensive and robust solution to the shortcomings of existing 

catalysts. 

• Nitrogen doped char, produced from cellulose, is a sustainable and affordable catalyst 

for adsorption and removal of phenol from water.  

• Pyridinic groups comprise the highest percentage of functional groups in N-doped 

char.  

• Density Functional Theory analysis confirms that in the presence of oxygen, pyridinic 

groups favorably produce activated oxygen species which are key to catalytic 

oxidation of phenol in water.  
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1. Introduction  

Aqueous effluent from various chemical industries contain significant amounts of toxic 

and refractory organic compounds. Many thermochemical processes utilizing wood or 

woody wastes produce an aqueous effluent with phenolic compounds (phenols, 2-

chloropheol, p-nitrophenol, o-cresol) at concentrations between  500 and 1000 ppm     

(Panisko et al., 2015; Tanksale et al., 2010; Villegas et al., 2016, Petersen, 1984). 

Concentrations of phenols between 9 and 25 ppm are generally considered toxic for 

humans and aquatic life (Villegas et al., 2016; Kulkarni et al. 2013). A recent review on 

phenol toxicity by Duan et al (2018) reported values of the median aquatic lethal 
concentrations (LC50) and the median effect concentration (EC50) for phenol, m-cresol and p-

cresol between 0.26 and 1204 ppm. Clearly the level of toxicity of phenols depend on the molecule 

structure and the micro-organism studied. The current EPA regulations set the maximum 

phenol contamination of less than 2 ppm in drinking water and 1 ppb in surface water 

(Villegas et al. 2016; Agency for Toxic Substances and Disease Registry 2018). Removal 

of phenols is by no means a new effort, and oxidation reaction studies specifically targeting  

phenol contaminated water have been researched and published for several decades (Devlin 

& Harris, 1984b; Djeffal et al., 2014; Grant & King, 1990; Kolaczkowski et al., 1999; 

Miguelez et al., 1997; F. J. Rivas et al., 1998). However, the bioenergy industry has 

stimulated a renewed effort in the treatment of aqueous effluents with highly dilute phenol 

concentrations (He et al., 2020; Wilson et al., 2019).  

Catalytic Wet Oxidation (CWO), a type of Advanced Oxidative Process (AOP) has shown 

promise in the treatment of industrial aqueous wastes rich in organic compounds (Bhargava 

et al., 2006; Villegas et al., 2016). Carried out in the presence of an oxidant such as ozone, 

high pressure oxygen, and a catalyst, CWO of organic compounds typically occurs in two 

stages: (1) Physical Stage: transfer of oxygen from the gas phase to the liquid phase, and 

(2) the Chemical Stage: formation of free radicals and their reaction with an organic 

compound. One of the first complete mechanisms of phenol oxidation with dissolved 

oxygen was proposed by Devlin and Harris in 1984, making it clear that many 

intermediates can form in the oxidation process (Devlin & Harris, 1984). More detailed 

chemical reaction kinetics of the second stage were proposed by Rivas et al. developing a 

wet air oxidation mechanism driven by oxygenated free radicals (F. J. Rivas et al., 1998).  

To achieve complete phenol removal from aqueous effluents, stronger oxidants such as 
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ozone and hydrogen peroxide, alone or in the presence of metal catalysts, were introduced 

into the CWO process (F.J. Rivas et al., 1999). Homogeneous catalysts such Cu(NO3)2, 

heterogeneous inorganic metal catalyst such as Ru/C and Ru-Ce/C, as well as oxides such 

as CuSO4 and MnO2 have all shown to be efficient wet oxidation catalysts and effectively 

remove phenol at moderate temperatures and pressures (Bhargava et al., 2006; 

Kolaczkowski et al., 1999; F. J. Rivas et al., 1999; Rodrı́guez-Ramos et al., 2002). 

However, the use of strong oxidizers is inordinately expensive, and metal catalysts are 

prone to leaching toxic end products (Kolaczkowski et al., 1999). While altering the 

supports for existing catalysts has mitigated this (Liotta, Gruttadauria, Di Carlo, Perrini, & 

Librando, 2009), these challenges may be better addressed with more robust non-metal 

catalysts. 

Activated carbons (ACs) have long been applied as inexpensive filtration adsorbents in 

wastewater treatment (Bhargava et al., 2006). More recently, ACs produced from waste 

materials such as anaerobically digested fiber, rice straw and woody wastes, referred to as 

chars or bio-chars, are being developed as catalytically active nanomaterials (Goran et al., 

2015; Liu et al. 2019, Mood et al., 2020). Like activated carbon, chars contain intersecting 

graphitic layers, each consisting a honeycomb of carbon atoms (Estrade-Szwarckopf, 

2004). These layers can contain nitrogen and other heteroatomic defects, allowing for 

tunable surface chemistry (Blume et al., 2015; Estrade-Szwarckopf, 2004; Yang et al., 

2020; Zhang et al., 2013).  Notable applications of these engineered carbonaceous materials 

include heterogeneous catalysts and adsorbents for pollutants such as H2S and CO2 (Adib 

et al., 2000; Ayiania, Carbajal-Gamarra, et al., 2019; Chen et al., 2013; Mood et al., 2020; 

Nandi et al., 2012). 

The use of active carbons in catalytic wet oxidation of phenol is not new and was well 

described by Santiago et al. 2005 (Santiago, Stüber, Fortuny, Fabregat, & Font, 2005). 

However, nitrogen doping – the act of introducing nitrogen groups in carbonaceous 

materials – has been shown to result in novel adsorptive and catalytic capabilities (Ding et 

al., 2020) not yet applied to CWO of phenol (Ayiania, Carbajal-Gamarra, et al., 2019; 

Mood et al., 2020; Z. Sun et al., 2019). Among these are inexpensive and highly active 

oxidative catalysis thought to benefit from the improved electron donor/acceptor capability 

of nitrogen functionalities present on the catalyst surface (Krasheninnikov & Nieminen, 

2011). As such, nitrogen doped chars are of high interest as replacement for their pure 
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carbon counterparts, especially in the case of CWO processes (Ding et al., 2020; Liu et al., 

2019).  

This publication is focused on the development, characterization, and analysis of the 

catalytic effect of nitrogen-doped char on the wet oxidation of phenol. Cellulose char was 

used as a clean support material for the nitrogen doping such that no impurities could 

contribute to the catalytic activity. The char was characterized by SEM, TEM and XPS 

analysis. Catalytic activity of the char was assessed through development of Arrhenius 

kinetic parameters based on the change of phenol concentration present in the water under 

various oxidative conditions. To better understand which nitrogen functionality had the 

most significant impact on the oxidation of phenol, a Density Functional Theory (DFT) 

analysis was also conducted. 

2. Materials and Methods 

2.1. Catalyst production 

The nitrogen doped char was produced through slow carbonization of cellulose fibers 

produced by Fluka Analytica, Ireland (Avicel® PH-101, Lot #BCBG9043V) followed by 

ammonization at a temperature of 850 °C. Flow rates of 500 mL min-1 for N2 and 1000 mL 

min-1 for ammonia gas were employed.  This was conducted in a Quartz Tube furnace 

reactor with 50 mm OD by 44 mm ID at a length of 1000 mm. The carbonization was 

conducted under an oxygen free atmosphere by purging the reactor with N2 gas. Briefly, 

cellulose fibers were kept in a tubular furnace in contact with N2 for 30 min at 25 °C. Then, 

the temperature was increased from 25 °C to the desired set temperature of 850 °C at a 

heating rate of 10 °C min-1. The reactor was then kept at the set temperature for 2 h. After 

the first hour, the sample was treated with ammonia gas for 1 h. The final char produced 

was cooled down to 25 °C under N2 gas before storage and utilization. Similar conditions 

are used by other researchers in the production of nitrogen doped char (Ding et al., 2020; 

Wan et al., 2020). Control cellulose char was produced in the same method described above 

using identical cellulose fibers by Fluka Analytica, Ireland (Avicel® PH-101, Lot 

#BCBG9043V) however with only carbonization at 850 °C.  

In order to evaluate the performance of our N-doped char we conducted comparative 

studies with a known oxidation catalysts (CuSO4). The Copper (II) Sulfate Pentahydrate 

control catalyst (CuSO4) was produced by Sigma-Aldrich St. Louis, MO (Lot# 
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MKBD8735V).   

2.2. Analysis of resulting carbon 

The proximate composition of the N-doped char studied (moisture, fixed carbon, volatiles, 

and ash) was determined by using a thermogravimetric analyzer (TGA) SDTA851e 

(Mettler-Toledo, USA) according to ASTM standards E 871, E 1755, and E872 and Garcia 

et al. (2013). The elemental composition (CHNS-O) of the N-doped char was carried out 

using a TRUSPEC-CHN® (LECO, St. Joseph, MI, USA) elemental analyzer. The surface 

area was measured via CO2 and N2 physisorption with the aid of micromeritics TriStar II 

PLUS Surface Area and Porosity Analyzer (Norcross, GA, USA). While CO2 adsorption 

isotherms were determined at 273 K, N2 adsorption isotherms were measured at 77 K. 

Surface elemental composition was measured by X-ray photoelectron spectroscopy (XPS) 

using an AXIS-165 (Kratos Analytical Inc. Manchester, UK) with Achromatic X-ray 

radiation of 1253.6 eV (MgKα). The deconvolution process of the XPS char data was 

developed in an in-house excel based routine. In order to better tune the fitting parameters, 

such as the asymmetry factor, the asymmetric tailing factor (TL), and the G-L (Gaussian-

Lorentzian ratio) as well as the FWHM custom calculations were produced and coded. The 

asymmetry factor was allowed to relax in the range of 0-0.20, the G-L ratio in the range of 

0-0.30 and FWHM in the range of 1.4-2.0. Scanning electron microscope (SEM) imaging 

analysis was carried out using Hitachi S-570 variable pressure instrument. Transmission 

electron microscopy (TEM) was carried out using a FEI Tecnai G2, FEI Company (Field 

Emission Instruments).   

2.3. Wet oxidation 

Phenol from Sigma Aldrich (NY) was used as a model molecule to study oxidation 

reactions. It was dissolved in e-pure water produced by the Barnsted E-Pure water filtration 

system to form solutions containing 1000 ppm [1000 mg/L]. Oxidation reactors were 

custom designed utilizing stainless steel tubes of 0.5 in O.D. and a total reactor volume of 

28 mL. A glass sleeve insert was designed with a total volume 12 mL and used in all but 

the initial reactions. Each reactor was assembled with a sanitary fitting and coupling, swage 

lock fittings and a stainless-steel integral bonnet needle valve for both gas inlet and outlet 

as well as pressure release (Fig. 1). Reactor assembly: Each reactor housed one glass sleeve 

with 10 g of phenol aqueous sample would be pressurized to 1 MPa with nitrogen for 

control studies or pure oxygen for oxidation studies. For catalytic wet oxidation reactions, 
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0.2 wt% char catalyst would first be placed in the glass sleeve followed by introduction of 

the 10 g of phenol aqueous sample, vigorous mixing to suspend the solids, and gas 

pressurization. Reactions took place in an excess of oxidant at all times. A TECHNE 

Industrial Fluidized sand bath was used for heat transfer to the three reactors operating in 

parallel, at temperature ranging from 190 to 260 °C. Isothermal experiments were 

conducted for a total of 15, 30 to 45 minutes.      

 

Figure 1. Stainless steel reactor schematic. 

The content of phenol and secondary intermediate hydroquinone (Sigma Aldrich, Raleigh, 

NC, USA) in the liquid products of wet oxidation was quantified by high-pressure liquid 

chromatography. Briefly, a 10 µL injection of each sample was made onto an Aminex 

HPX- 87H ion exclusion column, (Bio-Rad), 300 mm long, 7.8 mm inner diameter. The 

column was equipped with a 30 mm long by 4.6 mm inner diameter guard column, using 

a Varian HPLC system. The column was eluted isocratically with 0.005 M sulfuric acid 

through an ultraviolet (UV) detector. The UV detector operational temperature was set at 

65 °C. Calibration curves were developed for phenol obtained by Sigma-Aldrich (99% 

purity). Curves were obtained through four-point calibrations with a range of 1000 ppm to 

10 ppm (1000 mg/L to 10 mg/L). 
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2.4.  Kinetic study  

An important step in oxidative reactions is the formation of hydroxyl radicals which can 

be generated by the presence of oxygen, ozone, or catalysts. One of the first studies of this 

kinetic step and the decomposition mechanism dates back to 1964. In this study, the authors 

found that iron salts and ozone produce hydroxyl radicals (Eisenhauer, 1964, 1971). Since 

then, Kolaczkowski et al. (1999), among many, have further developed the understanding 

of oxidative reaction kinetics with respect to phenol. In general phenol oxidation reaction 

rate is expressed as follows:  

                         −r!" = 	 #$!"
#%

= k!",'# ∙ 	C!"C'#                                           (1) 

where,	C!" and C'# denote the concentration of phenol and oxygen in the liquid phase, 

respectively, and k!",'# represents the rate constant. In the literature, it has been widely 

reported that the phenol reaction order is one (Pruden and Le 1976; Miguelez et al. 1997; 

Kolaczkowski et al. 1999). This makes a in Equation 1 equal to one and simplifies the 

expression.  In order to study this reaction, the tests are conducted in excess of oxygen (at 

a high partial pressure of O2), so that for practical purposes its concentration in the liquid 

remains almost constant through the experiments. The integral form of Eq. 1 becomes, 

        𝑙𝑛 *C!" C!"$
+ , = 	𝑘(𝑡                                            (2) 

                     𝑘( = k!",'#C'# = 𝐴𝑒)
%
&' ∙ C'#                            (3) 

where, 𝑘( is the pseudo first order rate constant [s-1], A the pre-exponential factor [s-1], and 

E is the activation energy [kJ mol-1]. In this study, these integrated kinetic expressions were 

used to fit experimental data and estimate activation energy values that were subsequently 

used to evaluate the catalytic activity of the N-doped chars.  

2.5. Density Functional Theory (DFT) Analysis 

The suitability of different active sites for oxidation was assessed using the Vienna ab-

initio Simulation Package (Joubert, 1999; Kresse & Furthmüller, 1996; Kresse & Hafner, 

1993). A Perdew-Burke-Ernzerhof (PBE) functional was used to simulate valence 

electrons, with spin polarization enabled to account for the paramagnetic nature of oxygen 

species tested (Perdew et al., 1996). The core electrons were modelled using a projector 

augmented wave (updated 2015) with a plane wave energy cutoff of 450 eV. Gaussian 

smearing of 0.2 eV was utilized to ease Brillouin integration convergence, and force 
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tolerance of 0.02 eV/ Å used as structural relaxation criteria. The energy tolerance was set 

to 10-5 eV. 

Sites tested were broadly grouped into carbonaceous, pyridinic (6-membered N), pyrrolic 

(5-membered N), and graphitic (N within the graphene sheet) functionalities. Graphene 

nanoribbons with hydrogen terminated edges (29´17´21 Å) were used for most active 

sites, and a pristine graphene sheet (14.8´14.8´20 Å) was used for internal defects 

(Ayiania, Hensley, et al., 2019). In the graphene nanoribbon model, the layer to layer 

distance in the supercell is 17 Å, and the graphene lattice constant is 2.467 Å. Illustrations 

and examples of models used in our calculations are shown in the supporting information 

(SI). Brillouin Integration was conducted over a (1´1´2) Monkhorst-Pack grid for 

nanoribbons and a (3´3´1) Monkhorst-Pack for pristine sheets, in order to minimize 

interactions between individual sheets and ribbons through the periodic boundaries 

(Monkhorst & Pack, 1976). Reactants were modelled in the gas phase using an 18´19´20 

Å box and one single k-point (the Gamma point) to span the Brillouin zone. Sites were 

tested for their ability to adsorb and activate oxygen by relaxing adsorbates on the surface 

to establish bound energies. Resulting energies were then compared to the bare surface and 

gas-phase oxidants to produce binding energies. The adsorption energy of O2 on the tested 

models are defined as: 

𝐸*#+ = 𝐸'#(*#+) − 2𝐸+./0 + 𝐸'#(1)4              (4) 

where 𝐸'#(*#+), 𝐸+./0, 𝐸'#(1) denote the calculated energies for an adsorbed O2 molecule 

on the N-doped sheet, the bare N-doped sheet and an O2 molecule in the gas phase. An 

analogous formula was used for the adsorption energy of an H2O molecule.  

A differential charge analysis was performed to obtain Δ𝜌: the net electronic 

exchange upon adsorption. The value of Δ𝜌 was calculated using the equation below:  

Δ𝜌 = 𝜌%2%*3 − 𝜌1*+ − 𝜌+./0*45																									(5) 

where 𝜌%2%*3, 𝜌+./0*45 and 𝜌1*+ represent the charge distribution for the adsorbed system 

(surface with adsorbates present), the clean surface (the H-edged N-doped graphene sheet 

or the pure N-doped graphene sheet), and the gas phase molecule, respectively. We note 

that when calculating 𝜌+./0*45 and 𝜌1*+ the species are fixed in the same position as they 
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are found when the gas phase species adsorbs on the N-doped graphene sheet. As such, 

since the O2 molecule dissociates during adsorption, the amount of charge transfer does not 

necessarily correlate with its adsorption energy with respect to the intact O2 molecule in 

the gas phase. However, we include such an analysis since it is a useful assessment of 

chemical vs. hydrogen bonding. This is indicated in the charge analysis by a marked 

reduction in charge density corresponding to the cleavage of a shared Pi bond, even relative 

to the O2 molecule in its physically activated form. 

 

3. Results and discussion  

3.1. Production and Characterization of Carbonations Materials  

To best understand the effect of the N-doped char on catalytic wet oxidation of aqueous 

phenol, several chars were developed with varying concentrations of nitrogen using 

ammonia as the nitrogen precursors. Char produced with no nitrogen under the same 

conditions was used as a control. Production and characterization of the various chars has 

been published by Ayiania et al. (2019, 2020).  

Based on the initial screening of N-doped catalysts produced at various temperatures, and 

the analysis of these samples conducted by Ayiania et al. (2020), the char produced with 

ammonia precursors at 850 ˚C yielded a high surface area of  1305 m2/g under nitrogen 

(N2) atmosphere and 1030 m2/g under carbon dioxide (CO2).  This is a significant 

improvement over the control cellulose char surface area of 705 m2/g (under CO2). The 

slight discrepancy between the N2 and CO2 values can be explained by the fact that carbon 

dioxide adsorption is more effective in accurately estimating the micropores (0 to 2 nm). 

Nitrogen adsorption estimates both micropores and mesopores (2 to 50 nm), however it is 

more effective at estimating mesopores. For these reasons both N2 and CO2 adsorption 

isotherm and pore size distribution curves are given below.  

Proximate analysis of the N-doped char indicated that 96.4 wt% of the carbon is fixed, with 

the rest of the mass accounting for volatiles as no ash is present. Ultimate analysis showed 

that 87.1 wt % was Carbon, 5.6 wt% Nitrogen, 0.8 wt% H and 6.5 wt% oxygen (by 

difference). The properties of the control char were not examined as a part of this study, 

but Muley et al. have completed an extensive review of cellulose char under similar 

conditions (Muley et al., 2016).  
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Figure 2. CO2 (a,b) and N2 (c, d) adsorption isotherm of char produced at 850 °C indicating 

pore development under ammonia conditions 
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Figure 3. SEM images of nitrogen doped cellulose char pores contributing to high surface 

area and the efficacy as catalyst. 

 

The surface area and pore size distribution produced by this method compares well with 

the literature (Luo et al., 2014; F. Sun et al., 2016). Luo et al. (2014) specifically studied 

the pyrolysis of cellulose under ammonia gas, and large surface areas were obtained at high 

temperatures of 850 °C and 1000 °C, closely mirroring the results presented here. Further 

understanding of the char morphology and microstructure was obtained through Scanning 

50 mµ 4 mµ

1 mµ 1 mµ
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Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) analysis, 

respectively. The SEM images (1,500 - 50,000x) seen in Fig. 3a and b shows the presence 

of channels and macro-pores. Such structures can be useful for catalytic purposes and are 

concurrent with other studies (Figueiredo & Pereira, 2006). Of interest are the uniform 

macro-pores seen at the 50,000x magnification in Fig. 3c and d.  

Further analysis of the surface microstructure was obtained with TEM imaging. Similar to 

other carbon surfaces with a high surface area, a worm-like uniform surface is observed 

(Ashourirad et al., 2015; Luo et al., 2014). Similar fringe images of graphitizable and non-

graphitizable carbon have been published by Marsh and Rodriguez-Reinoso (2006). The 

parallelism of the carbon layers observed in Fig. 4 show a top down view of the sheets of 

cellulose, the material used to develop this nitrogen doped char. 

    

Figure 4. TEM images of nitrogen doped cellulose char surface displaying a worm like 

uniform pattern.  

 

3.2. XPS analysis 

In order to advance understanding of the functionalized surface of the N-doped char 

catalysts, X-ray photon spectroscopy was conducted for all the samples produced. Figure 

5 shows the N1s XPS spectra specifically for the N-doped char sample produced at 850 °C 
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due to its high surface area and best candidacy as a catalyst. The subsequent deconvolution 

was conducted to identify the major types of N-groups present in this sample. In total, six 

nitrogen groups were identified and quantified: Pyridinic (P1): 54.1 atom%; Pyrolic (P2): 

22.5 atom%; Pyridone (P3): 12.4 atom%; Graphitic (P4): 9.0 atom%; and N-oxides (P5): 

1.3 atom%. The pyridinic N is also known as the N-6 group due to a single nitrogen 

replacing a carbon in a 6-membered ring. The Pyridinic group has been reported in the 

literature as having a favorable impact on wet oxidation applications (Soares et al., 2016).     

 

 

Figure 5. N-1s XPS peak deconvolution of pyridinic (P1), pyrolytic (P2), pyridine (P3), 

graphitic (P4) nitrogen groups, as well as N-oxides (P5). The grey, white, blue, and red 

spheres are C, H, N and O atoms, respectively. 

 

As previously mentioned, a series of N-doped chars were developed under various 

temperature conditions. It was decided that due to the surface area increase at the highest 

temperature all kinetic tests would be conducted by N-doped char produced at 850 °C. 

Further XPS analysis was conducted to better understand the oxygenated functional groups 
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present on the surface of the N-doped char produced at 850 °C. The O1s XPS spectra seen 

in Fig. 6 shows that the largest percentage of oxygen was present in aromatic ether groups 

(Peak III). This is followed by a significant carbonyl functional group concentration as 

presented by Peak I. The complete functional group breakdown is listed in Table 1.  

 

Figure 6. XPS peak deconvolution of O1s XPS spectrum. Functional groups represented 

in the char after deconvolution of carbonyl (Peak I), ether (aliphatic-peak II or aromatic-

Peak III) and N-oxides (Peak IV). Peak V is due to moisture content (H2O). 
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Table 1. Quantified Oxygenated Groups in the N-doped Char Sample 

Peak Functional Groups Oxygen Amount (%) 

Peak I C=O 33.5 

Peak II O-C (aliphatic) 2.50 

Peak III O-C (aromatic) 56.8 

Peak IV N=O 4.55 

Peak V Water 2.81 

3.3. Baseline oxidation tests  

To develop a reproducible baseline to evaluate the catalytic effect of the N-doped chars, 

three preliminary tests were conducted without catalysts. HPLC analysis was used for 

quantification of phenol and primary byproducts such as hydroquinone. Figure 7 shows the 

chromatographs for 1000 ppm phenol decomposition at 15, 30 and 45 min under 260 °C 

and 1 MPa O2 partial pressure.  

 

Figure 7. HPLC chromatograph of products obtained post oxidation of 1000 ppm aqueous 

phenol samples treated at 260 °C and 15, 30, and 45 min reaction time.  

260 °C 15 min 
260 °C 30 min 
260 °C 45 min 

Hydroquinone 
OH

OH

Phenol 
OH
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3.4. Oxidation Reactor Tests without catalysts  

This group of experiments was conducted with oxygen, but half of the tests the liquid was 

in contact with the stainless-steel tube, while in the other half were conducted within an 

inert glass liner. These experiments allowed us to study phenol oxidative reactions in the 

presence and absence of iron, a well-known oxidation catalyst. The result of these 

preliminary experiments is shown in Fig. 8a. The addition of O2 definitively accelerates 

phenol oxidation. The most extreme reduction occurs at the higher temperature and 

reaction time conditions as seen in Fig. 8. A combination of temperature and time durations 

were tested in these initial experiments and it was concluded that operation above 260 °C 

and up to 45 min of reaction time, in the presence of oxygen, did not yield significantly 

improved results. This is likely due to a greater formation of free hydroxyl radicals at such 

conditions. Although the results are consistent with published data (Levec, Janez; Pintar, 

1992) there exists little to no discussion of the effect of oxygen on stainless steel walls of 

such batch reactors. When compared with the results in the glass lined reactors, it is clear 

that the stainless reactors accelerated the oxidation of phenol considerably.  
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Figure 8. Result of reaction experiments a) under oxygen in a stainless-steel tube reactor 

and b) under oxygen, liquid in contact with glass. All experiments were conducted between 

190 and 260 °C and at an oxygen partial pressure of 1 MPa. 
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Arrhenius parameters corresponding to each reaction setup (glass vs. stainless steel reactor 

wall) were calculated utilizing the integral method as discussed in the Materials and 

Method section. The Arrhenius plots for oxidation tests conducted with liquid in contact 

with stainless steel and glass are shown in Fig. 9. The activation energy obtained with the 

stainless-steel tube reactor was lower (67.5 kJ/mol) than the activation energy obtained for 

the glass tube (82.2 kJ/mol). However, the reaction rate constant was an order of magnitude 

higher.  Most wet air oxidation studies and published reaction rate expressions have been 

catalogued for a wide range of operating conditions (Levec 1992; Migklez et al. 1997). 

Because of this, there is a large range of values for the activation energy data varying from 

30 kJ/mol to 100 kJ/mol. The experimental values are clearly within the range reported in 

the literature (Levec 1992; Migklez et al. 1997).  

 

Figure 9.  Arrhenius plot of phenol oxidation reaction with the SS and glass reactors.  

Production of secondary products in the oxidation pathway of phenol is well known and 

understood (Devlin and Harris 1984; Bhargava et al. 2016). Hydroquinone can often be 

seen as the first product in the oxidation pathway.  Hydroquinone was analyzed by HPLC 

and concentration change with respect to time and temperature can be seen in Figure 1SI.  

Specifically, hydroquinone will accumulate over the course of the 45 min reaction at low 

temperatures, indicating a slower oxidation. However, at higher temperatures and same 

reaction times lower concentrations of hydroquinone are found. Here oxidation is occurring 
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to a greater extent and intermediate products are being used up quickly.   

 

3.5. Catalytic Oxidation Tests  

Nitrogen doped chars, developed for this study and described above, introduced specific 

functional groups onto the surface of the catalyst, which had a significant effect on the 

catalytic wet oxidation of phenol.  Initial screening conditions of 260 °C and 15, 30 and 45 

min were chosen to ascertain if any catalytic properties existed. Figure 11 examines the 

catalytic capabilities of a non-doped char, a classical oxidation catalyst (CuSO4) and the 

N-doped char developed. All catalyst loading was set at 0.2 wt% with 1 MPa O2 partial 

pressure. The catalyst loading was selected in order to find the minimum threshold for the 

CWO reaction to occur. The loading is significantly less than that of other heterogeneous 

catalysts reported and on the lower end for active carbon supported catalysts 

(Kolaczkowski, Plucinski, Beltran, Rivas, & McLurgh, 1999; Stüber et al., 2005).  Results 

indicate that the N-doped char has a similar catalytic capability in oxidizing phenol as the 

CuSO4 by the end of the 45 min reaction. CuSO4 is more active at shorter time durations, 

which is beneficial in process design. However, well-documented issues of copper leaching 

are a challenge for this and other metal salt catalysts (Bhargava et al., 2006; Kolaczkowski 

et al., 1999).  Their cost of production also makes them less desirable than a renewable, 

inexpensive, and environmentally sustainable catalysts such as N-doped char.   
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Figure 11. Initial screening of removal of phenol from an aqueous product by classic 

heterogeneous and novel N-doped oxidation catalysts.  

 

Further evaluation of the impact of temperature on the catalytic oxidation using N-doped 

char was conducted based on the favorable initial results. Figure 12 shows the evolution of 

phenol concentration for an oxidation reaction conducted at a catalyst loading of 0.2 wt% 

in the glass reactor. The complete conversion of phenol is observed at both 250 °C and 260 

°C at the 45 min residence time. These reactions follow the same pseudo first order kinetic 

rate observed in previous non-catalytic reactions.  
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Figure 12. Phenol oxidation in presence of O2 and nitrogen doped char catalyst in glass 

lined reactors. Catalyst loading at 0.2 wt. % 

 

To gain more insight into the temperature impact on the CWO of phenol with N-doped 

catalyst, hydroquinone produced in the first oxidation step was tracked. Figure 2SI shows 

a lower concentration of hydroquinone at higher temperatures or longer reaction times. 

This result supports the data in Fig. 9 indicating complete phenol oxidation. However, the 

presence of such intermediates even at the most extreme conditions indicates that complete 

carbonization of all organic products to CO2 and H2O (as proposed by Devlin and Harris 

(1984)) did not occur.   

 

Figure 14 shows the Arrhenius plot of the reaction rate constant for oxidation reactions in 

the presence of N-doped chars. The use of this catalyst reduced the activation energy from 

72 kJ/mol to 40 kJ/mol and increased the reaction rate constant by an order of magnitude 

compared with the tests without catalysts.  
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Figure 14. Energy of activation for nitrogen doped char catalyzed phenol oxidation 

reactions. 

 

Introducing nitrogen functionalities in char structures, as a form of functionalization of a 

carbon surface, has been studied for several decades (Kapteijn, Moulijn, Matzner, & 

Boehm, 1999; Luo et al., 2014; Mood, Ayiania, Jefferson-Milan, & Garcia-Perez, 2020) 

The production mechanism is also well understood (Rocha et al., 2017).  However, the 

exact functional group(s) responsible for the most significant oxidative catalytic effect 

observed is in the early stages of exploration often informed through novel techniques such 

as XPS and DFT analysis. Our team produced N-doped chars from cellulose at 400 oC, 500 
oC, 600 oC, and 700 oC based on previously published methods (Smith et al., 2016). 

Detailed XPS analysis of each char’s surface functional groups were conducted, and the 

functional groups of these chars reported (Ayiania et al., 2020).  In the preliminary wet 

oxidation studies reported here, all chars were used as catalysts in addition to one produced 

at 850 oC.  Catalytic wet oxidation of phenol at 240 oC, 2 MPa partial O2 pressure, and a 

reaction time of 45 min was conducted using the five catalysts. Ayiania (Ayiania et al., 
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2020) used XPS analysis, as reproted here, to identify the composition of nitrogen 

functional groups. Coupled with the characterization conducted in the 850 oC char catalyst 

a range of pyridinic functional groups were identified.  As seen in Figure 15 an 

experimental correlation between increasing pyridinic group content of char, and the 

reduction in final phenol concentration, was observed. This result would suggest that there 

is a correlation between the pyridinic functional group, and the oxidative catalytic effect 

observed.  

 

Figure 15. Preliminary results on the effect of phenol reduction in the presence of 

increasing pyridinic groups present on the char surface.   

3.6.DFT Analysis 

A density functional theory analysis was used to ascertain the specific functionalities 

responsible for the possible catalytic activity of the nitrogen-doped char. As the formation 

of reactive oxygen species is the rate-limiting step for the reaction at hand, (Kolaczkowski 

et al., 2002; Rivas et al., 1998) sites were tested for their ability to do so from both water 

and oxygen. In general, water was found to be inert with respect to all active sites tested, 

while as expected oxygen showed significant activity. Water only chemisorbed to the 4N6 

site while favorably hydrogen bonding to almost all others, which is consistent with its 

high stability. Because the reaction energies calculated are relative to gas-phase water, their 
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adsorption strength is a meaningful test of relative reactivity between sites, rather than an 

absolute energy change at reaction conditions. We find that the dipole moment of water 

interacts effectively with charge differentials created by defects and heteroatomic dopants, 

but that the reaction energies are low. Oxygen, on the other hand, chemisorbs to multiple 

sites. 

To establish a computational baseline for char without surface modifications, chemically 

homogenous carbon models (perfect graphene and a 585 defect) were tested for reactivity 

with both water and oxygen. The structures for these models are discussed in the 

supplementary information. The 585 defect, consisting of a graphene divacancy reformed 

into two pentagons and an octagon, is shown in Figure 16 as a litmus test for carbon 

activity. While results were consistent for both carbon sites, this functionality was deemed 

the best potential indicator due to its high reactivity and documented occurrence (Denis & 

Iribarne, 2013). As shown in Table 1 and Figure 16, the site favorably adsorbs a water 

molecule onto its surface and is aggressively oxidized by diatomic oxygen with binding 

energies of -622 kJ/mol.  

 

 

Figure 16.  A differential charge analysis of (a) water (a) and (b) oxygen adsorbed to a 585 

divacancy within a graphene ribbon. White, black, and red indicate H, C, and O atoms, 

respectively. Blue indicates an increase in electron density relative to the isolated reactants, 

while green indicates the converse. The isosurface level shown is 0.025 𝑒/Bohr6.  
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Table 2. Oxygen and Water Binding Energies of all Active Sites Tested. 

 

As can be seen by examining Table 2, we show that all un-doped carbon sites are likely to 

be inert with respect to the solvent or will form oxides irreversibly in the presence of 

oxygen. In an experimental context, this indicates that the sites are unlikely to produce any 

sort of active oxygen species, either from the solvent or any oxygen present in solution. 

While N defects were similarly inert in the presence of water, they displayed a mixed 

reactivity to oxygen. Almost all were found to induce barrierless splitting of oxygen 

molecules brought nearby, although most resulted in an unfavorable, metastable 

chemisorption of the split molecule.  The 4N6 active site was found to favorably split water, 

due to its unique sterics and availability of four pyridinic nitrogen atoms within the plane 

of the graphene sheet. However, these reactive divacancies have a very high formation 

energy, and are extremely rare under the experimental conditions of the present work 

(Ayiania, Hensley, et al., 2019). In general, N sites hydrogen-bonded to water and formed 

unfavorable oxide species on the edge of the char, making them mediocre candidates for 

oxygen activation. 

The most promising catalytic results with the N-doped char were found with the dipyridinic 

site shown in Figure 17. XPS and thermodynamic data indicate these functionalities to be 

extremely common in N-doped char, and very stable when formed as an edge site (Ayiania, 

Hensley, et al., 2019). Of all sites tested, these alone favorably split and bound oxygen 

molecules. In addition, their low binding energy (-0.2 eV) makes their adsorption 

reversible, allowing them to maintain catalytic activity. Coupled with the XPS analysis 

presented above, the dipyridinic group is the most likely active site for catalytic oxidation 

Structure Structure Class O2 Binding 
Energy (kJ/mol) 

H2O Binding 
Energy (kJ/mol) 

4N6 Defect Pyridinic 34 -29 
Di-pyrindinic Edge Pyridinic -20 -37 
Pyridinic Edge Pyridinic 80 -28 
Pyrrolic Edge Pyrrolic 22 -41 
585 Defect Graphene -622 -69 
Graphene Graphene 48 -9.4 
Graphene Hydrogen 
Divacancy Graphene -540 N/A 

Graphitic Edge Graphitic 42 -8.3 
Graphitic Sheet Graphitic -15 -6.7 



28 
 

reactions under the conditions studied.  

 

 

Figure 17. A differential charge diagram of water (a) and oxygen (b) adsorbed to a di-

pyridinic site on the edge of a graphene ribbon. White, black, and red indicate H, C, and O 

atoms, respectively. Blue indicates an increase in electron density relative to the isolated 

reactants, while green indicates the converse. The isosurface level shown is 0.025 

𝑒/Bohr6. 

3.7 Overview of results 

The overall consumption of the phenol during the reaction in our tube reactor (see Figure 

3SI), can be attributed to a number of physico-chemical phenomena. The first step consists 

on the solubilization of O2 and its diffusion to the surface of the catalyst. The saturation 

(solubilization of O2) in the aqueous phase depends on the partial pressure of the O2 in gas 

phase.  The diffusion is typically controlled by the level of mixing and turbulence in the 

reactor.  

 

Two events on the surface are thought to be increasing the concentration of free radicals 

(mainly OH.) in the system. First, the addition of nitrogen functional groups on the surface 

of the char catalyst is known to produce basic surfaces which can drive electron transfer 

(Figueiredo & Pereira, 2006). As seen from the deconvolution of the XPS data the N-doped 

char catalyst contains a high concentration of pyridinic groups. Our DFT analysis confirms 

the hypothesis that a pyridinic group could be responsible for propagation of hydroxy free 
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radicals. Specifically, the dipyridinic group was found to be the most energetically 

favorable in binding and splitting O2. This creates a suitable environment for hydroxyl free 

radical formation, which is key to the phenol oxidation mechanism.  

4. Conclusions  

Developing an alternative catalyst for catalytic wet oxidation of phenol can be 

accomplished through the production of N-doped chars. Using ammonia exposure methods 

at 850 °C, N-functionalities were incorporated into cellulose char. Much of the nitrogen 

was concentrated in pyridinic functionalities introduced onto the char surface. Reaction 

rate kinetic parameters for each experimental setup were developed for comparison and the 

results indicated a decrease in the activation energy of CWAO reactions with N-doped char. 

This is due to the increase of free radical formation both in the aqueous phase as well as on 

the surface of the char due to the added basic nitrogen functional groups. Our DFT studies 

found the dipyridinic group to be the most energetically favorable in binding and splitting 

O2. This step is critical for the formation of free radicals. Future studies will include other 

dopants such as sulfur utilizing woody and agro biomasses in order to assess the efficacy 

of the oxidation contributed by other bio-polymers and the effect of ash.    
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Table S1: Adsorption Energies for All Sampled Reactive Sites 

Structure O2 Adsorption Model 

O2 Adsorption 

Energy 

(kJ/mol) H20 Adsorption Model 

H2O 

Adsorption 

Energy 

(kJ/mol) 

4N6 Ribbon 

 34  -29 
585 

 -622  -5.6 
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Di-
pyrindinic 

 -20  -37 
Graphene 

 48  -9.4 
Graphitic 

Edge 

 42  -8.3 



 S1 

Graphitic 
Sheet 

 
-15 

 

 -6.7 
Pyridinic 

 80  -28 
Pyrrolic 

 22  -41 
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Figure 1SI. Hydroquinone production during phenol oxidation in stainless steel glass lined reactor at different temperatures. 
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Figure 2SI. Hydroquinone production during phenol oxidation in stainless steel glass lined reactor in the presence of 0.2 wt. % char 

catalyst.   
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Figure 3SI. Schematic of molecular oxygen reaction with nitrogen doped char to produce hydroxyl free radicals in the phenol oxidative 

system 
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