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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• CFE anodes were modified by thermal, 
chemical and plasma-chemical methods. 

• CFE plasma-chemical treatment had the 
most efficient electro-oxidation 
performance. 

• Modifications caused minor changes in 
the specific surface area of CFEs. 

• Plasma-treated CFEs shows energy effi-
ciency of 0.073 kWh m− 3 and rate con-
stant of 1.54 h− 1. 

• High oxidation rates of acetaminophen 
were attributed to the surface carbonyl 
species.  
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A B S T R A C T   

Carbon felts are flexible and scalable, have high specific areas, and are highly conductive materials that fit the 
requirements for both anodes and cathodes in advanced electrocatalytic processes. Advanced oxidative modi-
fication processes (thermal, chemical, and plasma-chemical) were applied to carbon felt anodes to enhance their 
efficiency towards electro-oxidation. The modification of the porous anodes results in increased kinetics of 
acetaminophen degradation in aqueous environments. The utilised oxidation techniques deliver single-step, 
straightforward, eco-friendly, and stable physiochemical reformation of carbon felt surfaces. The modifica-
tions caused minor changes in both the specific surface area and total pore volume corresponding with the 
surface morphology. 

A pristine carbon felt electrode was capable of decomposing up to 70% of the acetaminophen in a 240 min 
electrolysis process, while the oxygen-plasma treated electrode achieved a removal yield of 99.9% estimated 
utilising HPLC-UV-Vis. Here, the electro-induced incineration kinetics of acetaminophen resulted in a rate 
constant of 1.54 h− 1, with the second-best result of 0.59 h− 1 after oxidation in 30% H2O2. The kinetics of 
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acetaminophen removal was synergistically studied by spectroscopic and electrochemical techniques, revealing 
various reaction pathways attributed to the formation of intermediate compounds such as p-aminophenol and 
others. 

The enhancement of the electrochemical oxidation rates towards acetaminophen was attributed to the 
appearance of surface carbonyl species. Our results indicate that the best-performing plasma-chemical treated 
CFE follows a heterogeneous mechanism with only approx. 40% removal due to direct electro-oxidation. The 
degradation mechanism of acetaminophen at the treated carbon felt anodes was proposed based on the detected 
intermediate products. Estimation of the cost-effectiveness of removal processes, in terms of energy consumption, 
was also elaborated. Although the study was focussed on acetaminophen, the achieved results could be adapted 
to also process emerging, hazardous pollutant groups such as anti-inflammatory pharmaceuticals.   

1. Introduction 

Porous carbon materials such as carbon felt, vitreous carbon, carbon 
textile, carbon sponge, and carbon fibre can be processed for various 
applications due to their relatively low cost, good thermal, chemical and 
mechanical stability, and excellent electrical conductivity. Moreover, 
porous carbons are well-known for their highly developed surface areas 
and porosities. The development of pores is significant because it allows 
carbons to adsorb large quantities of chemicals from gas and liquid 
phases. 

Recently, the most prominent electrode materials are commercially 
available polyacrylonitrile- or rayon-based carbon felt electrodes 
(CFEs). CFEs are used due to their good electrical conductivity, high 
surface area, porosity, ability to provide abundant redox reaction sites, 
excellent electrolytic efficiency, and mechanical stability at a relatively 
low cost (González-García et al., 1999; Smith et al., 2015; Huong Le 
et al., 2017). However, they show poor wettability and low electro-
chemical activity. Several approaches have been reported in the litera-
ture to enhance the electrochemical activity of the felts such as surface 
modification by plasma (Kahoush et al., 2019), thermal and chemical 
(Zhou et al., 2014) treatment with the addition of functional groups, and 
deposition of metal or metal oxides on the electrode surface (Fu et al., 
2021; Rahmani et al., 2021). These treatments were efficient in surface 
modification and functionalisation due to the improved energy effi-
ciency and mechanical properties, increased surface adhesion and af-
finity towards aqueous solutions. The most commonly used procedure is 
CFE oxidation, which can be achieved by oxidising acid or thermal 
treatment. The preferred strategy is a thermal treatment in which the 
materials are annealed in a furnace fed by a gas flow containing oxygen 
and/or nitrogen. This activation step may improve the efficiency of the 
electrochemical processes and wettability through increased oxidised 
functional groups on the electrode surface. Earlier studies on different 
CFEs based on a polyacrylonitrile or rayon matrix by thermal treatment 
at 400 ◦C for 30 h in air saw significant enhancement of the electro-
chemical properties of both kinds of CF electrodes (Zhong et al., 1993). 
However, XPS analysis showed that the rayon-based carbon felts oxi-
dised easier than the polyacrylonitrile-based felts, forming C–O groups 
on the surface. The microcrystalline structure of the rayon-based felts is 
assumed to enable broader oxygen interaction with the electrode sur-
face. Moreover, the active electrochemical surface area improved after 
heat pre-treatment under an NH3 atmosphere at 600 and 900 ◦C (He 
et al., 2015). The appearance of nitrogenous groups on the surface in-
creases the number of active sites, improves the wettability, and in-
creases the electrical conductivity. By using thermal treatment of carbon 
felt under a gas mixture flow of N2/O2 containing 1% of oxygen at 
1000 ◦C, a porous carbon material was fabricated via the selective 
etching of amorphous carbon (Le et al., 2016; Orimolade et al., 2020). 
The thermally obtained porous carbon felt surface and improved hy-
drophilicity enhanced the electron-transfer efficiency, leading to the 
development of the electroactive surface area. L. Eifert et al. investigated 
the influence of chemical and electrochemical ageing by thermal treat-
ment on commercially available polyacrylonitrile- and rayon-based 
carbon felt electrodes (Eifert et al., 2018). Significant differences were 
found in how the surface composition, thermal stability and 

electrochemical behaviour is affected by the different treatment 
methods. 

CFE is an interesting carbonaceous material with a wide range of 
applications, such as oil/water separation (Cheng et al., 2018; Cao et al., 
2020), redox flow batteries (Noh et al., 2017; Lu et al., 2021), electro-
chemical sensors (Kim et al., 2021), microbial fuel cells (Hidalgo et al., 
2016; Kosimaningrum et al., 2021) and water treatment (Zhou et al., 
2022), including degradation of pharmaceuticals (Zhou et al., 2014; Le 
et al., 2016, 2017). Moreover, carbon felt electrodes have been studied 
as an anode material for the degradation of organic compounds, such as 
persistent and mobile organic compounds (Zhou et al., 2022), phenol 
and its derivatives (Kim et al., 2021; Chen et al., 2022), diuron (Rahmani 
et al., 2021), toluene (Tian et al., 2017),etc. 

Plasma treatment surface modification is considered effective and 
not overly time-consuming, and does not require solvents, so is eco- 
friendly. In studies, different types of plasma have been used to 
improve carbon materials’ contact angles by using various gases 
(Hammer et al., 2014). It is known that oxygen plasma forms phenolic 
and carboxyl functional groups, which significantly influence the hy-
drophilicity of porous carbon materials and improve the redox activity 
of these electrodes (Dixon et al., 2016; Ortiz-Ortega et al., 2021). Like-
wise, nitrogen-carbon functional groups and nitrogen groups (pyrrolic 
and quaternary nitrogen), formed via surface nitrogen plasma modifi-
cation, enhance the electron transfer rate and improve the wettability 
(contact angle <90◦) (Huang et al., 2017; Kahoush et al., 2019; Orti-
z-Ortega et al., 2021). The physicochemical properties of carbon mate-
rials can be easily manipulated through control of the plasma treatment 
process parameters, opening up possibilities for CFE applications. 

Acetaminophen (paracetamol; n-acetyl-p-aminophenol) is a widely 
used analgesic and antipyretic drug. The consumption of acetaminophen 
is high worldwide because it is cheap, accessible, and available without 
a prescription. However, acetaminophen readily accumulates in the 
aquatic environment due to its high solubility and hydrophilicity (Wu 
et al., 2012). It is currently one of the biggest emerging pollutants 
worldwide, and it has been detected in various natural matrices, i.e., 
wastewater, ground, and drinking water (Vieno et al., 2007; Homem and 
Santos, 2011). This compound reaches the ecosystems in the wild 
through direct disposal of domestic drugs, discharges of faeces and 
urine, and inappropriate treatment of industrial effluents. Continuous 
increases in the concentration of acetaminophen may harm the organ-
isms and the sub-organism level in aquatic environments. The toxicity of 
acetaminophen for animals and humans is well documented (Brind, 
2007). Therefore, effective degradation and removal from the environ-
ment are important aspects of animal and human health protection. 
Conventional wastewater treatments do not always seem to be effective 
at treating sewage containing pharmaceuticals. It was found that acet-
aminophen remained in the sewage water after various combinations of 
conventional treatment, such as coagulation, flocculation, sedimenta-
tion, and disinfection by ozone, chlorine, or chlorine dioxide (Benotti 
et al., 2009). Consequently, the development of effective water treat-
ments enabling the degradation of acetaminophen and other pharma-
ceuticals is a new challenge for the community. In recent years, many 
studies have focussed on a cathodic electro-Fenton (EF) process con-
sisting of carbon felt as a viable and effective method for removing 
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acetaminophen (Le et al., 2016, 2017; Ganiyu et al., 2019; Orimolade 
et al., 2020). The proposed electrochemical oxidation of acetaminophen 
mediated by porous carbon felts seems to be a promising alternative to 
the physicochemical methods used (Arredondo Valdez et al., 2012; 
Marques et al., 2017). 

In this study, for the first time, advanced modification processes 
(thermal, chemical, and plasma-chemical) were applied to carbon felts 
towards organic pollutant electro-oxidation. Single-step, low-cost and 
scalable approaches enabled straightforward and eco-friendly surface 
modification with the stable performance of the felt surfaces. Our work 
focussed on CFE activation towards acetaminophen, a reference stan-
dard representing anti-inflammatory, organic pharmaceuticals. Carbon 
felts are flexible and scalable, have high specific areas, and are highly 
conductive materials that fit the requirements of both anodes and 
cathodes in advanced electrocatalytic processes. 

2. Materials and methods 

2.1. Materials 

SIGRACELL® graphite felt (type: GFD 4,6 EA) from SGL Carbon was 
used for all of the experiments. The EDX spectra of the CFE (Fig. 1c) 
confirmed the polyacrylonitrile origin, while revealing a small share of 
Si and Al compounds (<0.8 wt%), plausibly used for impregnation 
purposes of the product. All reagents used were of analytical grade and 
were used without further purification. For modification processes, 
ammonium persulfate (ACS reagent, ≥98%) from Sigma-Aldrich and 
hydrogen peroxide (30% pure p. a.) from POCH were used. Aqueous 
solutions of sodium sulphate (≥99%, anhydrous, ACS reagent), and 
potassium ferricyanide K3[Fe(CN)6] (≥99%, anhydrous, ACS reagent) 
were made with the use of demineralised water. Acetaminophen (Eu-
ropean Pharmacopoeia (EP) Reference Standard), tert-butyl alcohol 
(ACS reagent, ≥ 99.0%) were purchased from Aldrich. The highest pu-
rity class of oxygen (99.998%) was sourced from Air Liquide. 

2.2. Electrochemical oxidation setup 

The electrochemical oxidation process was carried out in galvano-
static conditions at a current of 200 mA. This type of electrolysis is the 
easiest to set up as it operates in a two-electrode system. Only the sur-
faces of the electrodes facing each other are electrochemically active and 
the electrochemical oxidation takes place there, so two cathodes were 
used on opposite sides of the anode. The conversion potential (U) is not 

controlled during galvanostatic electrolysis. This is an advantage of the 
galvanostatic method because, at a certain point in electrolysis, the mass 
transport by mixing and diffusion through the electrochemical double 
layer that is formed at each electrode as a result of electrode polarisation 
becomes insufficient. 

The electrolysis system consists of a 3D-printed polylactic acid (PLA) 
electrolyser, one anode, and two cathodes. Both of the stainless steel 
cathodes (ASTM A240, type 316) and the CFE anode were the same 
dimensions (5 × 6 cm). The thickness of the CFE anode was approx. 4 
mm. The CFE anode was positioned in the middle of the reactor, thus, 
both sides of the electrode were exposed to the treated electrolyte. Two 
cathodes were applied to achieve symmetric and homogeneous electric 
field confinement for efficient electrooxidation at both sides of the 
electrode. Such an approach was used previously by Hilt (2020). Our 
setup is depicted in Fig. 1a. 

A peristaltic pump with a rated flow of 0.2–3000 mL min− 1; DC 
power supply (CPX400DP) and a data acquisition system (NI Compact 
Rio System) were used. The electrolysis process was carried out under 
ambient conditions (22 ◦C) for 240 min. The reactive components 
together at a mixing junction were pumped with a flow rate of 456 mL 
min− 1 down a pipe, which provided advantages in the form of faster and 
safer reactions, cleaner products, and easy scale-up of the electrolyser. 
Fig. 1 presents the electrolyser setup scheme and SEM/EDX micrographs 
of the pristine carbon felt surfaces. The topography images of the CFE 
after each modification are presented in the Supplementary Information 
file, Figure S1. 

2.3. Carbon felt electrode modification 

Three different CFE modification methodologies of commercially 
available carbon felts were used. To obtain thermal modification, the 
carbon felt was heated at 250 or 500 ◦C with a temperature increase rate 
of 5 ◦C min− 1 in a single-zone horizontal tube furnace PR-90/1300 ITR 
(Poland). Both processes were conducted for 2 h under an air atmo-
sphere before being cooled to room temperature naturally. These sam-
ples were labelled CFE_250T and CFE_500T, respectively. The chemical 
modifications were performed in hydrogen peroxide (30% H2O2) or in 
ammonium persulfate ((NH4)2S2O8), by immersion for 1 h 2 M of 
(NH4)2S2O8 was prepared shortly before immersion. The solutions were 
stirred during the entire process. The samples were named CFE_HOOH 
and CFE_APS, respectively. After chemical modifications, the activated 
felts were washed with distilled water. Finally, plasma-chemical modi-
fication (CFE_pO2) was performed in a low-pressure plasma system 

Fig. 1. a) Scheme of the electrolyser, b) SEM and EDX micrographs of the carbon felt electrode, c) EDX spectra registered for the CFE before modification.  
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(Diener Zepto, Germany) for 10 min, exposed to a 300 W oxygen plasma 
at a frequency of 13.56 MHz. The pressure of the CFE plasma modifi-
cation was 0.4 mbar and depended on oxygen gas flowing. 

2.4. Characterisation of carbon felt electrodes 

The electrochemical properties of the carbon felt electrodes were 
measured by a VMP-300 BioLogic potentiostat in a three-electrode cell 
configuration. The CFEs served as the working electrode. A platinum 
wire and an Ag/AgCl-coated wire served as the counter and reference 
electrodes, respectively. The cyclic voltammetry (CV) measurements 
were conducted in contact with an aqueous 0.5 M Na2SO4 solution and 
measured at a sweep rate of 100 mV s− 1. CVs were also performed in 2.5 
mM K3[Fe(CN)6] in 0.25 M Na2SO4 at 100 mV s− 1. Differential pulse 
voltammetry (DPV) was performed using a PGStat 302 N potentiostat- 
galvanostat system (Methrom, Autolab, Netherlands) in the standard 
three-electrode assembly, where a glassy carbon (GC) electrode served 
as the working electrode. The active surface area had a circular shape 
with a diameter of 3 mm. A Pt wire was used as the counter electrode, 
while Ag/AgCl/3 M KCl was the reference electrode. DPV was carried 
out between 0 and 0.8 V for the analyte after electrolysis for different 
amounts of time. 

An inverted system was used for High-Performance Liquid Chroma-
tography (HPLC) analysis (Shimadzu LC-20A Series). The column used 
was a Phenomenex Luna C8 (100 Å, 3 μm, 150 × 4.60 mm). The studies 
were carried out in a linear solvent gradient (A: H2O + 0.1% TFA, B: 
acetonitrile) (0–60% B) for 15 min, in a mobile phase at a flow rate of 
1.2 mL min− 1. Detection was performed with a UV–Vis detector at a 
wavelength of 243 nm. Prior to the injection, the samples were filtered 
through a 0.25 μm membrane filter, and separation was carried out at 
room temperature, 24 ± 1 ◦C. All UV–Vis spectra acquired without 
chromatographic separation were recorded in the 210–400 nm range on 
a PerkinElmer Lambda 40 UV–Vis spectrometer. A 1 cm diameter quartz 
cuvette microcell was used. All tested samples were diluted 1:10 times 
with 0.1 M Na2SO4 solution. The measurements were carried out at a 
temperature of 25 ◦C in aqueous solutions of 0.1 M Na2SO4. 

Ultra-high performance liquid chromatography (UHPLC model 
Vanquish Horizon) coupled with an Orbitrap Q-Exactive-Plus ultrahigh- 
resolution mass spectrometer (both from ThermoFisher Scientific) were 
used to analyse the acetaminophen and its transformation products. The 
mass spectrometer was equipped with a heated electrospray ion source 
(HESI) that was operated in negative and in positive mode. Chromato-
graphic separation in negative mode was achieved on a Waters® Acquity 
HSS T3 (100 Å, 1.8 μm, 150 × 2.1 mm) with a gradient of pure water (A) 
and methanol (B) and with a gradient of 0.1% formic acid in water (A) 
and acetonitrile (B). Acquisition was carried in full-scan and data- 
dependent acquisition (top5) modes to facilitate identification of the 
products and their confirmation. The injection volume was 2 μL. 

The TOC studies were performed using a TOC analyser (Shimadzu, 
Germany). Samples taken from the electrochemical reactor were filtered 
before analysis and diluted to the measuring range of the TOC analyser. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDX) were conducted with a Phenom XL using a 15 kV 
beam accelerating voltage, working in high vacuum mode, equipped 
with a SED. The surface chemical composition of the CFEs prior to and 
after the modification was evaluated using X-ray Photoelectron Spec-
troscopy (XPS), using high-resolution scans in the C 1s, O 1s, Si 2p, Al 2p, 
and N 1s binding energy ranges. An Escalab 250Xi (ThermoFisher Sci-
entific) multispectroscope was utilised, with an Al Kα X-ray source and 
650 μm spot diameter. The pass energy was set to 20 eV, scan resolution 
0.1 eV. The measurements were carried out under simultaneous low- 
energy electron and low-energy Ar+ ion bombardment for charge 
compensation purposes. Finally, the x-axes of the obtained spectra were 
calibrated to adventitious carbon C 1s at 284.8 eV. 

Nitrogen adsorption-desorption isotherms were measured at 77 K 
(NOVAtouch™ 2, Quantachrome Instruments). Before the 

measurements, samples (1 × 3 cm) were degassed at 150 ◦C for 12 h 
under a vacuum to remove adsorbed impurities and moisture. The iso-
therms were analysed with the Quantachrome TouchWin software. The 
specific surface area (SBET) was calculated using the Brunauer-Emmett- 
Teller (BET) equation in the typical relative pressure range p/p0 from 
0.1 to 0.3. The correlation coefficient of the linear regression was not 
less than 0.99. In addition, the pore volume (VBJH) was obtained ac-
cording to the Barret-Joyner-Halenda (BJH) algorithm. 

All contact angle measurements were performed with a Krüss 
DSA100 goniometer equipped with a CCD camera and connected to a 
computer with the Advance software. The angle was determined in each 
case as the mean of the droplets at equilibrium measured on both sides. 
Each measurement was repeated 20 times. The Young-Laplace method 
was used to adjust the drop shape (Cirocka et al., 2021; Dąbrowa et al., 
2021; Niedziałkowski et al., 2021). Measurements of the dynamics of the 
change of the contact angle were made using quick measurements taken 
at an interval of seconds, and the method of adjusting the shape of the 
droplet below 70◦ was the height/width method. Measurements of 
electrolyte wicking through the electrodes over time were performed 
using 10 mL of 0.1 M Na2SO4 solution for each sample. Electrode pieces 
of similar mass were placed gently on the surface of the liquid, and then 
photos were taken with a camera at various time intervals (5 min, 1, 24 
and 72 h). 

3. Results and discussion 

3.1. Carbon felt electrodes surface characterisation 

The XPS analysis delivered data on the effects of CFE surface modi-
fication through different oxidation processes. The spectra recorded in 
the C 1s, O 1s, and Si 2p core-level energy ranges are displayed in Fig. 2. 

The pristine CFE surface is dominated by aliphatic C–C species (C 1s 
at 284.8 eV), the share of which reaches over 60 at.%. Due to the surface 
area development of the studied felts, visualised in Fig. 1b, the share of 
adventitious carbon contaminants may be significant. The presence of 
the second notable component negatively shifted by approx. − 0.8 eV 
may be related to unsaturated C––C bonds, but also C–Si and C–SiO 
species. The complex C 1s spectra registered for this sample shows 
various carbon oxidised species. The dominant peak, at 285.5 eV, is 
related to the presence of hydroxyl and other C–O bonds while the wide 
peak at higher binding energies is related to C––O, OC––O, NC––O, and 

Fig. 2. High-resolution XPS spectra recorded in the C 1s, O 1s, and Si 2p 
binding energy ranges for CFE samples, with the proposed peak deconvolu-
tion model. 
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similar features. The presence of C–O species on the pristine CFE is due 
to surface contamination and partial oxidation in the air atmosphere. 
These results agree with the literature findings (Sobaszek et al., 2016; 
Ryl et al., 2019; Kunuku et al., 2022). The oxidised to non-oxidised 
carbon share, Cox = 0.40 for pristine CFE, is based on C 1s spectral 
deconvolution. 

The analysis and deconvolution of the O 1s spectra reveals the 
presence of not less than three components, most notably peaking at 
532.3 eV, an energy characteristic of C––O bonds. Since the share of C 1s 
C––O and OC––O species is negligible in the pristine sample, the signal 
primarily originates from the adsorbed CO2 from the air and contributes 
to the presence of adventitious carbon. Other relevant O 1s signals 
include C–O (at 533.5 eV) and C–Si–O (at 531.0 eV) bonds (Kharitonov 
et al., 2019). Finally, a weak contribution from Si, in the form of a 
C–Si–O suboxides at 102.2 and 101.1 eV (Wallart et al., 2005; Jung 
et al., 2016), and N 1s, in the energy range characteristic of amine C–N 
bonds (399.6 eV (Niedziałkowski et al., 2021)) were recognised. The 
detailed results of the deconvolution model are summarised in the 
Supplementary Information file, Table S2. 

CFE modification leads to substantial changes in the surface chem-
istry but is highly dependent on the proposed approach and the oxidising 
agent (Klauser et al., 2010; Zielinski et al., 2019). For high-temperature 
modification in air, the lower studied processing temperature 
(CFE_250T) was insufficient for a significant shift in the surface chemical 
composition. Only a small increase in total oxygen content (from 5.3 to 
5.6%) was observed with nearly the same Cox = 0.38. A small Cox 
decrease combined with a decrease in the presence of hydroxyl species 
testifies sample dehydrogenation. Next, increasing the processing tem-
perature to 500 ◦C (CFE_500T) oxidises the CFE surface, as noted by a 
significant increase in Cox up to 0.56. This effect is primarily recognised 
as an increase in C–O and silicon species due to the burnout of carbon 
material. The latter are present as C–Si–O and O–Si–O (Si 2p3/2 peak at 
103.6 eV). 

The chemical oxidation of CFE surfaces, studied after modification in 
H2O2 (CFE_HOOH) and NH4S2O8 (CFE_APS), is nearly equally effective 
as high-temperature CFE processing at 500 ◦C when it comes to carbon 
species oxidation, offering Cox of 0.63 and 0.55, respectively. However, 
the chemical nature of the CFEs after oxidation is altered. Unlike high- 
temperature treatment, the chemically oxidised CFEs are characterised 
by a major C––O component. Both chemical treatments result in 
doubling the contribution of the C 1s peak at 284.0 eV. Given the nature 
of the process, the likelihood of C––C bonds formation is low; thus, the 
most reasonable explanation is the formation of C–Si–O bonds, further 
confirmed by a threefold increase in the O 1s C–Si–O peak contribution 
at 531.0 eV. An overall increase in total oxygen to 17.4 at.% (from 
5.3%), total silicon to 2.5 at.% (from 0.6%), and total nitrogen to 1.5 at. 
% (from 0.3%) was highest in the case of the CFE_APS sample. 

On the other hand, the plasma-chemical oxidation (CFE_pO2 sample) 
results in, similar to chemical oxidation, carbon chemistry with a sig-
nificant share in C––O species at the carbon felt surface (11.3 at.% for 
CFE_pO2 compared to 13.8 and 12.1% for CFE_HOOH and CFE_APS, 
respectively). However, plasma appears to be less damaging to the 
carbonaceous framework, as seen by the only small increase in inert Si 
and N species. Here, the Cox factor is 0.47, which makes it possible to 
conclude that plasma-chemical treatment is the least invasive, primarily 
introducing C––O bonds at the carbon felt electrode surface. Neither the 
pristine sample nor any of the modified CFEs showed a quantitative 
share of aluminium, unlike the EDX studies (see Fig. 1c), thus suggesting 
the element is only present in the material volume and absent at the 
surface. 

The specific surface area (SBET) and total pore volume (VBJH) of the 
carbon felts before and after surface oxidation using different modifi-
cation processes were also estimated. It was observed that the modifi-
cations caused only minor changes in both the specific surface area and 
porosity. This result corroborates the SEM images (see the Supplemen-
tary Information, Table S3 and Fig. S1, respectively), revealing a similar 

morphology for all of the samples. The highest values were noted for the 
thermally treated CFEs, for which the SBET increased up to 28 m2 g− 1 

after annealing at 500 ◦C. On the other hand, the use of ammonium 
persulfate or oxygen plasma led to a negligible SBET decrease, down to 
11 m2 g− 1 (Kopczyński et al., 2017). The SBET for all of the studied 
electrodes was within one order of magnitude. 

The contact angle measurements evaluated the CFEs’ hydrophilicity 
and water volume adsorption. The studied porous electrodes revealed 
electrolyte permeability and electrochemical parameters. Hence, both 
the wettability parameter itself and its dynamics become essential. To 
assess the wettability of the tested materials, measurements were made 
with the use of water (10 and 100 μL) and 0.1 M Na2SO4 (10 μL) 
droplets. The different droplet volumes were to check whether the large 
mass of the liquid would affect the wettability of a given electrode. The 
obtained results indicate that it is of importance only in some cases. All 
of the electrodes are strongly hydrophobic, and their contact angle with 
water is about 107◦ (Fig. 3a and b) for a smaller droplet. Increasing the 
drop to 100 μL resulted in changes in the contact angle of some elec-
trodes. These results are shown in Fig. 3a. 

The materials with the highest hydrophobicity were CFE, CFE_250T, 
and CFE_500T. On the other hand, the CFE_APS and CFE_HOOH elec-
trodes showed more hydrophilic properties. Interestingly, while hy-
drophobic for small water droplets, the CFE_pO2 electrode absorbed 
higher droplet volumes completely (see Fig. 3c). This uncommon 
behaviour may result primarily from interfacial tension and/or altered 
functionalised surface chemistry of this electrode. The feature remains 
present when subjected to 0.1 M Na2SO4 droplets. An interesting 
exception is the CFE_APS sample, which was highly hydrophilic in 
contact with water but showed hydrophobicity in contact with the 0.1 M 
Na2SO4. Again, this feature was most likely affected by the materials’ 
surface chemistry, their porosity/roughness, and the difference in ma-
terial surface energy and liquid surface tension. The contact angles in the 
electrolyte and water did not differ significantly, except for the chemi-
cally modified CFEs. 

The obtained results seem to confirm the XPS observations regarding 
the chemistry of the CFEs. The CFE_pO2 and CFE_APS electrodes are 
both characterised by a higher content of C––O groups, hence their 
greater hydrophilicity seems to be a rational consequence of this 
modification. On the other hand, the CFE electrode predominantly 
contains C–C groups, which results in its high hydrophobicity. The high- 
thermally treated electrodes (CFE_250T and CFE_500T) still contain a 
large amount of these groups, and their oxidation degree does not 
significantly change the hydrophobicity. Nevertheless, we have 
observed variation of hydrophobicity at chemically oxidised electrodes 
that contain a large amount of C––O groups. Similar observations were 
made by other authors (Ifires et al., 2021). 

The surface chemistry affects the charge transfer kinetics at the 
electrode/electrolyte interface, and through electrolyte permeability of 
the CFEs, the surface area is available for the electro-oxidation process. 
On the other hand, studying the electrochemical properties addresses 
the influence of the modification of the CFE on the charge transfer ki-
netics. The electrochemical window, which for pristine CFE is charac-
terised by a high oxygen evolution potential, is largely affected by the 
modification procedure. This feature determines the oxidation power in 
the electrolysis process. The CV analyses of various CFE samples are 
shown in Fig. 3d. The results show that a few of the studied CFE elec-
trodes were stable to a potential of about 1.3 V vs Ag|AgCl|3 M KCl. The 
CFE, CFE_250T, CFE_500T, and CFE_APS electrodes had a similar oxygen 
evolution voltage of about 1.3 V. The carbon felt electrodes modified 
using hydrogen peroxide (CFE_HOOH), and oxygen plasma (CFE_pO2) 
had higher oxygen evolution potentials, equal to 1.4 and 1.5 V, 
respectively, which produced more potent oxidants (Hamdi El Najjar 
et al., 2014) than the anode with a lower oxygen evolution potential 
(CFE, CFE_250T, CFE_500T, CFE_APS). The CFE_pO2 sample displays the 
widest electrochemical window. In contrast, modification by ammo-
nium persulfate led to the development of sizeable double-layer 
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capacitance, causing energy loss and lower current efficiency of elec-
trochemical acetaminophen oxidation. The cathode peak at about − 0.5 
V is associated with reducing the oxygen that was adsorbed on the 
electrode surface. The peaks that are present for the CFE_APS are related 
to ammonium persulfate residuals after chemical modification, which is 
observed in the SEM images (see the Supplementary Information file, 
Fig. S1e). 

The rate of electrochemical processes is primarily determined by the 
charge transfer kinetics of the electrochemical oxidation and reduction 
processes. The CFEs were examined in the presence of ferrocyanides, the 
most often used redox probe in such studies. These results are presented 
in the Supplementary Information file Fig. S2a. The obtained data are 
normalised to the geometric area of the electrode surface. The CVs 
recorded with the CFEs show the typical feature, i.e., a pair of redox 
waves centred at about 0.25 V vs. Ag|AgCl, superimposed on the back-
ground current attributed to the double-layer capacitance. The peak 
separation is about 450 mV for the unmodified electrode (CFE), while 
the lowest and the highest peak separations are 88 and 763 mV for the 
CFE_HOOH and CFE_250T, respectively. A peak separation in the range 
between 60 and 210 mV indicates quasi-reversible processes for the 
reversible one-electron-transfer reaction (Ryl et al., 2019; Koterwa et al., 
2022). 

Chen and McCreery (1996) report that the redox reaction rates for 
[Fe(CN)6]3-/4- on glassy carbon electrodes do not differ significantly 
depending on the surface coverage with oxides but are sensitive to 
single-layer adsorption. Studies on different carbonaceous materials 
show that various oxidation treatments may alter electrode surface 
termination and that, as a result, electron transfer is altered (Wang et al., 
2009; Ryl et al., 2019; Zielinski et al., 2019). This shows the effect of 
surface termination on the charge transfer kinetics. However, in our 
study, the correlation between the peak separation value and the num-
ber of functional groups on the surface is unclear. The surface analysis 
and dependence on electrochemistry are more convenient for flat 

electrodes. The surface geometry factor and its complexity have too 
much influence on the peak separation value obtained. 

We also studied the acetaminophen oxidation reaction in the sup-
porting electrolyte. The results are summarised in the Supplementary 
Information file, Fig. S2b. Higher acetaminophen oxidation peaks indi-
cate a larger electrochemical active electrode area (EASA) involved in 
the electro-oxidation reaction of acetaminophen. The CV oxidation of 
acetaminophen correlated with the CV of the electrodes in pure sup-
porting electrolytes gives us a better understanding of the electro-
chemical properties of the electrodes. It must also be said that for the 
degradation of organic compounds, both direct and indirect oxidation 
processes must be considered. Hence, the lowest peak separation is not 
always the best. A large peak separation and peak shifts indicate the 
complexity of the electrode structure and, in some cases, better wetta-
bility. When the wettability is poor, the electrode resembles a flat 
electrode rather than a porous one. 

3.2. Acetaminophen electrochemical oxidation (EO) tests 

During the electrochemical oxidation tests, to ensure a current flow 
of 200 mA, the galvanostat increased the applied voltage. Thanks to this, 
the electrolysis continued and another substance with the lowest redox 
potential underwent electrolysis (Hilt, 2020). The electrolysis was per-
formed at a neutral pH in 0.1 M Na2SO4. The current for the galvano-
static oxidation of acetaminophen was selected based on the obtained 
current-voltage relationship ranging from 0.0 to 6.5 V in a 
two-electrode system. In the Supplementary Information file, Fig. S3, we 
can see an acetaminophen oxidation peak of about 2.25 V followed by an 
increase in currents at a potential of about 3.5 V due to the decompo-
sition of water. Therefore, the current selected for the electrochemical 
oxidation of acetaminophen is lower than for water decomposition and 
high enough to oxidise acetaminophen. This avoids the electrode getting 
blocked by gases generated during water decomposition and eliminates 

Fig. 3. a) contact angle for water (10 and 100 μL) and 0.1 M Na2SO4 (10 μL) droplets; b) photos of CFEs’ wettability measurements (WCA, 10 μL sample); c) rapid 
large water volume adsorption by CFE_pO2 electrode. d) Cyclic voltammogram of pristine CFE and after modifications in 0.5 M Na2SO4 as electrolyte. Scan rate 100 
mV s− 1. 
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energy losses due to water decomposition. 
The amount of energy consumed (EC) during the electrolysis can be 

calculated based on the recorded chronoamperometry curves (Fig. 4a). 
This is projected in Table 1. Different potentials indicate different 
electrode resistances, active surface areas and/or difficulties in mass 
transfer in the electrode layer during the electrolysis process. One can 
see in Fig. 4a that this potential changes over time. We can observe two 
types of curves, the first where the potential increases gradually (curve 
for CFE_pO2) while abrupt potential changes characterise the second 
type for the remaining electrodes. The difference in potential changes 
may result from the electrodes’ different wettability and water sorption. 
The gradual increase of the CFE_pO2 potential may be associated with 
the difficulty in transporting the mass of electroactive substances to the 
electrode surface due to the depletion of the oxidised compound and the 
formation of an electrical double layer at the surface of polarised elec-
trodes. In the case of the remaining electrodes (CFE, CFE_250T, 
CFE_500T, CFE_HOOH, CFE_APS), the surface underwent modification 
after a certain time (the flat part of the curve up to 60 min for CFE_500T 
in Fig. 4a). The length of this transition process depended on the CFE 
surface area development, as determined by the BET method. The 
longest initial transition (60 min) was recorded for the CFE_500T, which 
showed the largest area (28 m2), while the CFE_APS and CFE were 
characterised by shorter transition lengths (35 min). After changing the 
properties to hydrophilic, a more intensified electrolysis process (po-
tential increase) followed, which involved electrode polarisation and a 
change in the number of electroactive compounds in the layer close to 
the electrode, affecting the impediment to mass transfer and the increase 
of potential. Next, the process stabilised at a higher potential. 

The electrodes underwent the wetting process with different dy-
namics, thus passing the electrolyte to a different degree. This process 
was further affected by the CFE oxidation induced by electrolysis. CFEs 
of similar mass were immersed in an electrolyte (10 mL), and then their 
flotation or sedimentation was observed over time. Initially, all but two 
of the CFEs floated on the surface. The CFE_pO2 electrode immediately 
sank to the bottom, and the CFE_APS floated just below the electrolyte 
surface (Fig. 4b). On the other hand, the majority of the electrodes 
subjected to the electrolysis for over 1 h sank beneath the electrolyte 
surface, but the CFE_500T, like the CFE_pO2, sank to the bottom almost 
immediately (Fig. 5c), and the CFE, CFE_HOOH electrodes only after 
about a day. Keeping the electrodes in the electrolyte for a prolonged 
period (up to three days) caused their swelling. Supporting contact angle 
measurements after the electrolysis are summarised in the Supplemen-
tary Information file Fig. S4. 

Four complementary techniques were used to determine the effi-
ciency of acetaminophen oxidation by electrolysis: electrochemical (CV 
and DPV), UV–Vis and HPLC-UV-Vis. The initial acetaminophen con-
centration in the electrolyte was 200 mg L− 1. A 240-min-long treatment 

made it possible to draw conclusions on the efficiency of each proposed 
surface modification on the acetaminophen removal rate. While all of 
the electrodes were capable of decomposing over 70% of the acet-
aminophen in the electrolyte, the lowest yield was observed for the 
CFE_250T (27.4% remained as confirmed by HPLC-UV-Vis), while the 
CFE_pO2 had the higher removal yield (0.1% remained). Here, the 
acetaminophen was almost completely removed. 

The dynamics of acetaminophen removal through the experiment 
(based on HPLC-UV-Vis measurements) are visualised in Fig. 5a. The 
acetaminophen electro-oxidation rate constant k was determined based 
on the relationship between the acetaminophen concentration remain-
ing throughout the electrolysis to the initial concentration, Eq. (1): 

ln(
C(t)

C0
)= kt (1)  

where t is the electrolysis duration. The function is visualised in the 
Supplementary Information file, Fig. S5. The linear relationship ob-
tained indicates a first-order reaction. The highest constant rate was 
1.54 h− 1 for the CFE_pO2 and was over several times higher than for the 
others i.e., 0.42 (unmodified CFE), 0.31 (CFE_250T), 0.43 (CFE_500T), 
0.59 (CFE_HOOH) and 0.48 (CFE_APS). 

In Fig. 5b–e, the process of the acetaminophen removal for the most 
efficient CFE_pO2 electrode is determined. An improvement over the 
initial electrode can be observed for the chemical modifications, 
particularly for the modification with hydrogen peroxide where the 
acetaminophen content after 240 min equals 8.3 in relation to 16.1% 
after electrolysis using the pristine electrode (CFE). The electrode 
modified with oxygen plasma (CFE_pO2) is also the best electrode due to 
its energy efficiency for acetaminophen decomposition. The acetamin-
ophen content, together with energy consumption (EC) and energy ef-
ficiencies for 1% acetaminophen removal (EE) for electrolysis using 
different CFEs are summarised in Table 1. The reasonable energy effi-
ciency of the removal using pristine CFE, compared to other treatments, 

Fig. 4. a) Changes of voltage during acetaminophen electrochemical oxidation in 0.1 M Na2SO4 at 200 mA for the carbon felt electrode and its modifications; CFE 
photos immersed in 0.1 M Na2SO4 b) before and c) after the electrolysis. 

Table 1 
Remaining acetaminophen content after 240 min of electrolysis (galvanostatic 
oxidation), determined using HPLC, DPV, CV, and UV, together with energy 
consumption at the end of the process and EE of acetaminophen removal.  

Electrode Acetaminophen content/% EC240 min 

kWh m− 3 
EE1% removal 

kWh m− 3 
HPLC- 
UV-Vis 

UV DPV CV 

CFE 16.1 9.7 22.8 23.6 7.47 0.09 
CFE_250T 27.4 22.4 32.4 32.4 7.91 0.11 
CFE_500T 17.1 21.4 23.6 23.6 7.31 0.09 
CFE_HOOH 8.3 5.4 20.0 14.3 7.70 0.08 
CFE_APS 13.4 29.0 18.8 18.4 9.05 0.10 
CFE_pO2 0.1 11.2 7.4 7.1 7.32 0.07  
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is explained by the formation of carbonyl species under the electro- 
oxidation process. The XPS data is shown in the Supplementary Infor-
mation file, Fig. S6, and Table S2. 

As can be seen in Table 1, the obtained results often differ from each 
other. This is due to the fundamental differences in the methodologies of 
the chosen analytical techniques when studying complex mixtures of 
substances. The electrochemical methods such as cyclic voltammetry 
and differential pulse voltammetry were found to be less suitable and 
produced larger experimental errors. On the other hand, the carbon 
released from the electrode affects the shift of the UV–Vis spectrum, 
causing additional peaks and making the interpretation difficult. HPLC- 
UV-Vis seems to be the most accurate method in this case. 

The HPLC-UV-Vis, UV–Vis, CV, and DPV curves for the remaining 
carbon felts (CFE, CFE_250T, CFE_500T, CFE_HOOH, CFE_APS) are 
shown in the Supplementary Information file, Figs. S7–S10. The HPLC- 
UV-Vis studies of acetaminophen oxidation made it possible to deter-
mine the concentration of acetaminophen and intermediates that were 
formed in the reaction (Fig. 5d and S7). Peaks for different retention 
times were noted (5.5, 6, 8.3 min), confirming the presence of various 
compounds during electrolysis and their disappearance with the dura-
tion of the electrochemical oxidation process. The HPLC reports of 
Periyasamy (Periyasamy and Muthuchamy, 2018) reveal that the pri-
mary acetaminophen electrolysis intermediates are benzoquinone, hy-
droquinone, and carboxylic acids. The results of qualitative analyses 
with UHPLC-Orbitrap-HRAM-MS revealed a more detailed list of in-
termediates, including p-aminophenol, and several other molecules re-
ported in the literature (Hamdi El Najjar et al., 2014; López Zavala and 
Jaber Lara, 2018; Benssassi et al., 2021), which are listed in detail in the 
Supplementary Information file, Figure S11. 

Changes were also observed in the UV–Vis spectra absorbance of 
acetaminophen (Fig. 5b and S8). Moctezuma et al. (2012) reported two 
characteristic absorption bands for acetaminophen, with a maximum at 
208 and 243 nm associated with π-π* transition and the latter n-π* 
transition of the C––O group. In our case, the observed absorbance peak 
occurs at 243 nm, and decreases with the increasing electrolysis dura-
tion. The decrease in the concentration of acetaminophen is faster than 
the decrease in the absorbance intensity, which is related to the 

formation of the intermediates (benzoquinone) during the reaction 
process (Brillas et al., 2005; de Luna et al., 2012; Moctezuma et al., 
2012). Apart from the decrease in absorption intensity due to the 
decomposition of acetaminophen, an increase in absorption was 
observed in the range of 280–310 nm, associated with the formation of 
hydroquinone (Moctezuma et al., 2012). 

The CV curves in Fig. 5c and S9 reveal an acetaminophen oxidation 
peak at about 0.6 V and a reduction peak at around 0.3 V vs. Ag|AgCl. 
The position of the anodic peak is affected by the concentration of 
acetaminophen during the electrolysis (Berte et al., 2016). The solution 
taken for the tests during the electrolysis shows additional reduction 
peaks at − 0.05, − 0.25, and − 0.65 V, as well as oxidation peaks between 
0.3 and 0.4 V and at about 0.0 V vs. Ag|AgCl, all of which are associated 
with acetaminophen intermediate decomposition products, such as 
benzoquinone, hydroquinone and carboxylic acids (Periyasamy and 
Muthuchamy, 2018). On the other hand, the DPV studies do not show 
such complexity of the reaction mixture due to the limitation of the 
measurement range (Fig. 5e and S10). 

Three competing oxidation processes occur throughout the elec-
trolysis carried out at the carbon felt electrodes, namely: (I) direct 
acetaminophen oxidation with the formation of benzoquinone and 
hydroxyquinone as the primary intermediates; (II) production of free 
radicals inducing indirect acetaminophen oxidation; and (III) the oxy-
gen evolution reaction (OER) process. These reaction pathways are 
illustrated in Fig. 6. 

To further study the role of the formation of hydroxyl radicals in the 
electrocatalytic acetaminophen removal, another experiment was pro-
posed and conducted with the use of the best-performing CFE_pO2 
electrode. Tert-Butyl alcohol (1 M) was added during the electrolysis 
process as the scavenger of hydroxyl radicals (Liu et al., 2019). Its in-
fluence on the acetaminophen electro-oxidation is presented in the 
Supplementary Information file, Figure S12. The acetaminophen 
removal rate at the CFE_pO2 in the presence of the scavenger reached 
approx. 40% within 240 min of electrolysis, compared to over 99% as 
initially reported with HPLC-UV-Vis. The total organic content (TOC) of 
the same two electrolytes was also measured. This measurement, pre-
sented in the Supplementary Information file, Figure S13, reveals a 

Fig. 5. a) Acetaminophen content analysis using HPLC-UV-Vis method during electrolysis on pristine carbon felt (CFE) and after thermal (CFE_250T, CFE_500T), 
chemical (CFE_HOOH, CFE_APS) and chemical-plasma (CFE_pO2) modification; b) UV–Vis, c) CV, d) HPLC-UV-Vis, and e) DPV curves registered during electrolysis 
on the chemical-plasma-modified carbon felt (CFE_pO2). 
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similar trend to that observed for the HPLC-UV-Vis analysis, but with 
lower electro-oxidation yields. The outcome can be explained by the 
incomplete electro-oxidation of acetaminophen by-products but also by 
the presence of other organic contaminants, such as limited dissolution 
of the CFE electrodes or hydrolysis of the PLA electrolyser walls. It 
should also be noted that the presence of a scavenger (t-butyl alcohol) 
increases the content of total carbon in the electrolyte compared to the 
solutions in which there was no scavenger. 

The above experiments clearly demonstrated that the acetamino-
phen removal follows a heterogeneous electro-oxidation mechanism, 
with the formation of hydroxyl radicals as the main driving force under 
the studied conditions. It is worth noting that persulfate or sulphate 
radicals generated due to the use of sulphates as the supporting elec-
trolyte may also play a role in the degradation process (Divyapriya and 
Nidheesh, 2021). 

As observed earlier, acetaminophen electro-oxidation is competitive 
with OER, thus increasing the overpotential of the latter process will 
improve the energy efficiency of the former. The two highest OER po-
tentials were observed after CFE modification by oxygen plasma and 
H2O2, reaching 1.5 and 1.4 V, respectively. The plasma-chemical 
oxidation shows the best acetaminophen oxidation rate constant, far 
superior to any other CFE modification, again seconded by H2O2 
modification. In both cases, the CFE surface chemistry is characterised 
by the highest content of carbonyl species, while the XPS results suggest 
that the plasma is less damaging to the carbonaceous framework. 
Carbonyl functional groups are related to the more hydrophilic surfaces 
of the CFEs, thus enhancing the wettability and absorption of the elec-
trolyte by the electrode (Xue et al., 2015; Zhu et al., 2021). Moreover, 
the presence of this specific functionalisation has a notable impact on 
the direct acetaminophen electro-oxidation pathway by reducing the 
anodic activation overpotentials. This is due to the protonation of sur-
face carbonyl groups on oxidation with O atoms bearing a positive 
charge (Di Corcia et al., 1993; Xue et al., 2015). Next, the carbonyl O 
pulls the electronic density of π bonds, moving the positive charge to-
wards the carbonyl C atoms and making them strong electrophiles, 
which are subject to attack by nucleophilic acetaminophen molecules. 

4. Conclusions 

In summary, we have shown the electrocatalytic performance of 

oxygen-activated carbon fibre felt anodes modified by advanced pro-
cesses (thermal, chemical, and plasma-chemical) inducing oxygen-rich 
surficial groups such as carboxyls and carbonyls. Surficial groups 
significantly modify the felt wetting revealing the highest hydropho-
bicity of the thermally treated samples, while the chemically modified 
surfaces are hydrophilic. The plasma-treated felts display hydrophilic 
performance, instantly absorbing larger droplets. This effect was 
attributed to the interfacial tension of the sample’s surface. The oxygen 
plasma also induces the widest electrochemical window and higher 
oxygen evolution potentials than other modification processes allowing 
more potent oxidants (i.e. OH-, SO4

2− , H2O2 and O3) to form. Each 
modification process induces different electrocatalytic performance of 
the felt anodes mediating the degradation mechanism of acetaminophen 
conducted in aqueous environments. Formation of carbonyl species at 
pristine CFE surface was also observed during electro-oxidation process. 

The electrolysis decomposition efficiency of acetaminophen was 
revealed by HPLC-UV-Vis studies indicating that the plasma-modified 
anodes resulted in the most efficient process. We stated that oxygen 
plasma soaking in a water solution provides improved contact with the 
electrolyte and more effective electro-oxidation of organic compounds. 
The competing oxidation processes depend on the applied modification, 
changing the impact of specific mechanisms such as direct and indirect 
acetaminophen oxidation or oxygen evolution reaction. The studies on 
the best performing electrode, CFE_pO2, in the presence of Tert-Butyl 
alcohol as a scavenger revealed that acetaminophen removal follows a 
heterogeneous electro-oxidation mechanism with the formation of hy-
droxyl radicals as the main driving force under the studied conditions. 
Formation of p-aminophenol and several other intermediates were 
observed with UHPLC-Orbitram-HRAM-MS. 

Given the low-cost and good performance in sorption and electro-
catalytic performance, carbon fibre felt can be considered as an anode 
for organic pollutant electro-oxidation where their properties can be 
tuned by single-step, eco-friendly modifications. 
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Fig. 6. Scheme presenting various oxidation processes taking place at 
CFE surface. 
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