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Abstract

In this study, the authors modified the surface of raw carbon felt (CF) using concentrated HNOs
for durations ranging from 0 to 12 hours at temperatures between 30°C and 90°C. The structural
morphology of both the raw CF and the modified CF was characterized using SEM, EDX,
XRD, FT-IR, and contact angle methods. The results showed that the CF modified for 6 hours at
30°C exhibited the highest degradation efficiency for LFX. After 90 minutes of reaction, the
degradation efficiency for LFX reached 79.65%. Additionally, the modified CF electrodes
demonstrated flexibility and high applicability in degrading various organic pollutants such as
oxytetracycline, tartrazine, rhodamine B, methyl orange, and methyl blue, achieving degradation
efficiencies of 64.64-97.14% after 45 minutes of reaction. Furthermore, long-term stability
tests confirmed its relatively stable performance after 3 cycles.
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1. Introduction

Organic dyes and antibiotic waste are some of the key substances that can cause
environmental pollution due to their widespread use in various industries and modern
medicine. Levofloxacin (LFX) is a third-generation synthetic fluoroquinolone antibiotic
extensively used to treat severe or life-threatening bacterial infections. However,
traditional wastewater treatment processes are ineffective in efficiently removing
residual LFX due to its difficult-to-biodegrade biological characteristics. Therefore, it is
urgent and necessary to find an effective remediation technique to eliminate LFX from
the water environment [1].

Advanced oxidation processes (AOPs) are considered an effective technology for
wastewater treatment. The effect arises from the action of hydroxyl radicals (*OH), a
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highly reactive and non-selective oxidizing agent capable of quickly breaking down
persistent organic pollutants that are difficult to degrade. Electro-Fenton (EF)
technology has garnered widespread attention in recent years among advanced oxidation
processes due to its effectiveness in degrading organic pollutants, high mineralization
capacity, and relatively low operational costs [2], [3]. In EF technology, the
electrochemical reduction of oxygen generates H>O> on-site, which then reacts with
ferrous ions (Fe?") to form *OH radicals (Eq. (1) and (2)). Subsequently, Fe* can be
reduced back to Fe?* according to Eq. (3). The *OH radicals are strong oxidants that
react non-selectively with most pollutants, resulting in the formation of inorganic
mineralization products [4], [5].

Oz +2H" + 2¢ — H202 1)
H20, + Fe** + H*  — Fe* + *HO + H20 )
Fe¥* +e — Fe? 3)

The efficiency of EF is influenced by several key factors, including catalyst
concentration, material of cathode, solution pH, and current density. During the EF
process, the cathode is a critical component that determines the mechanism and kinetics
of electro-catalysis where Fe3* is reduced to Fe?* and H,O- is continuously generated on
the cathode surface. The choice of cathode material significantly influences H.O>
formation, with its yield often being determined by the surface properties of the cathode
material. Therefore, the Kinetics of pollutant mineralization in the electro-Fenton (EF)
technology primarily relies on the choice of cathode material [3], [6]. Carbon felt (CF)
is commonly used for cathode applications in the electrochemical Fenton process
because of its notable benefits, such as good stability, superior electrical performance,
large surface area, and affordability. However, due to its poor water wettability, surface
activation of CF is necessary to enhance the reduction involving two electrons for H.O>
production [7], [8].

Various chemical agents have been used to modify CF, aiming to enhance its
electrocatalytic activity and improve H2O production efficiency. The chemical agents
consist of an ethanol-hydrazine solution, boiled at 60°C for 6 hours [9], concentrated HNO3
at 60°C for 6 hours [4], HNOs -H2SO4 [10] and HNOgz and H20; [11]. Chemical alteration is
a powerful approach to enhancing the electrochemical performance of carbon electrodes by
altering the physical, chemical, and surface reactivity characteristics of the electrodes.
Oxygen-containing functional groups can increase charge transport and electrocatalytic
performance by enhancing the water affinity of the carbon substrate.
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In this study, the authors performed surface treatment of CF using a chemical method,
employing concentrated HNOs as a modifier under ambient conditions, applied as a cathode
for the Fenton reaction to electrolyze and degrade organic pollutants (antibiotics and dyes).
The effects of temperature and the time of CF modification have been thoroughly
investigated. The morphological structure characteristics were measured using SEM,
contact angle, EDX, XRD, and FT-IR methods. The modified CF electrode was utilized in
the EF process to degrade a range of organic pollutants, including levofloxacin,
oxytetracycline, tartrazine, rhodamine B, methyl orange, and methylene blue.

2. Experiments
2.1. Chemicals and reagents

All reagents were used directly without further purification. All solutions were
prepared using double-distilled water. The commercial CF is provided by Hebei Xingshi
New Material Technology Co., Ltd. (China). Reagents used in this study included
concentrated nitric acid (HNOgz, 65-68% purity, analytical grade), iron (ll) sulfate
(FeSOa4, 98% purity, analytical grade), oxytetracycline (C22H2aN209, OTC, > 98%
purity), levofloxacin (C1sH20FN3O4, LFX, > 98% purity, HPLC grade), methylene blue
(C16H16CIN3S, MB, > 98% purity), methyl orange (Ci4sH14N3NaOsS, MO, > 98%
purity), rhodamine B (C29H31CIN203, RhB, > 98% purity), tartrazine (C17HoN4NazOeS2,
TTZ, > 98% purity), concentrated sulfuric acid (H2SOs, > 98% purity, analytical grade),
sodium hydroxide (NaOH, > 99% purity, analytical grade), and ethyl alcohol (C2HsOH,
> 100% purity). All chemicals were provided by Sigma (USA).
2.2. Modified carbon felt

To remove any organic substances attached to the surface, small pieces of
commercial CF, measuring 3 cm x 4 cm x 0.5 cm, were immersed in acetone for
30 minutes. To remove any residual acetone, the material was rinsed twice using
distilled water and then dried for 12 hours at 80°C. The surface was treated using a
chemical approach. Next, the CF electrode underwent a 6-hour treatment with
concentrated HNO3 (65-68% purity) at room temperature (30°C). Following this, the
electrode was rinsed twice with distilled water, then ultrasonically cleaned for
15 minutes each in distilled water, ethanol, acetone, and distilled water again. Finally,
the CF electrode underwent a drying process at 80°C for a duration of 12 hours. The
effect of activation temperature (30-90°C) was also investigated under similar
conditions. The samples were labelled as CFx-y where x is the modified time in
concentrated HNOg, y is the temperature of modified process.
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2.3. Material characterization

Using a Bruker D8 Advance diffractometer, powdered samples were analyzed
through X-ray diffraction (XRD) with CuKa radiation (A = 1.5406 A). The analysis was
conducted at 40 kV/40 mA voltage/current, with a step size of 0.02° and a step time of
one second. To characterize the morphology of the samples, field emission scanning
electron microscopy (FE-SEM, JSM-IT 800, Jeol, Japan) was utilized, along with
energy dispersive spectroscopy (EDS, Oxford ultimax 65) for elemental analysis.
Additionally, a Fourier-transform infrared (FT-IR) spectrometer (Perkin Elmer, USA)
was conducted FTIR spectroscopy (FTIR), covering the wavenumber range from 4000
to 400 cm™. A UV-Vis spectrophotometer (Biochrom model SP-60, Biochrom Ltd.,
UK) was used to analyze the concentrations of organic pollutants at various reaction
times, with the measurement taken in 1.0 cm quartz cuvettes.

2.4. Degradation experiments

At room temperature (30°C + 2), the electro-Fenton (EF) experiments took place
in 500 mL glass beakers. The voltage was controlled using a power supply (QJE
QJ3005XE, Ningbo Jiuyuan Electronics Co., Ltd., China). The cathode used was a CF
modified according to the above process. The titanium mesh anode, coated with
platinum, measured 10 cm by 5 cm. The electrodes were positioned 2.0 cm apart with a
consistent gap maintained throughout the experiment. A 250 mL solution of a mixture
containing Levofloxacin (LFX) at 10 mg/L, Fe?* 0.1 mM and Na;SO4 at 50 mM was
prepared. A pH of 3.0 was achieved by introducing 2 M H>SO.. The solution was stirred
at a speed of 500 rpm and aerated continuously for 15 minutes before the EF process
was initiated. A current intensity of 24 mA was set. Absorbance measurement at 295 nm
was conducted by collecting 3.00 mL of LFX solution every 5 minutes. Other organic
contaminants such as OTC, RhB, TTZ, MO, and MB were measured at wavelengths of
354 nm, 554 nm, 428 nm, 464 nm, and 664 nm, respectively.

The process of cathode reuse is carried out by washing the CF several times with
double-distilled water and ethyl alcohol to remove degradation products after the
electro-Fenton process has concluded, and then drying it at 80°C for 12 hours. The
experiment is repeated under the same conditions as mentioned above. The degradation
efficiency was determined using the following expression:

H (%) = [1 - (C/Co)] % 100 = [1 — (A/A0)] x 100 4)
where Co, and Ao refer to the initial concentration and absorbance of the pollutants at the
beginning of the experiment. The terms C; and A: represent the concentration and
absorbance recorded at any subsequent time point. Each experimental set was conducted
three times, with the final results presented as the mean values along with their
corresponding standard deviations.
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3. Results and discussions

3.1. Structural characteristics of CF

Figure 1 presents the Scanning Electron Microscopy (SEM) images used to examine
the morphological structure of raw carbon felt (CF) and modified CF. Observations from
Figs. 1a, b revealed that the surface of the raw CF was relatively smooth and flat, which
limited the material's interaction with water. In contrast, Figs. 1c, d demonstrated that
following modification with concentrated HNOgs, the surface of the activated
CF exhibited the increase of roughness and texture. This enhancement provided
favorable conditions for the dissolved oxygen reduction reactions, leading to a higher
formation of H20: [4].

Fig. 1. Surface morphology captured via SEM: (a-b) for raw CF and (c-d) for CF6-30.

The wettability of CF electrodes was assessed through contact angle
measurements (Fig. 2). The results showed that the contact angle of CF before
activation was relatively high at 143.1°, indicating a low wettability. After activation
with concentrated HNOs3, the contact angle decreased to 127.2°. The addition of
functional groups, such as carboxyl, carbonyl, and hydroxyl groups, to the surface,
typically enhances the wettability of CF, resulting in a lower contact angle. These
results indicate that the hydrophilic properties of CF have been significantly enhanced
through the chemical modification process. Hydrophilicity is a crucial characteristic for
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cathodes in the EF process; improved hydrophilicity leads to better diffusion of
dissolved oxygen, which in turn increases the production of H.O2 [12].

(@) (b)
Fig. 2. Contact angles of raw CF (a) and (b) for CF6-30.

The chemical composition of the cathode materials after modification was
determined through EDX analysis and is shown in Fig. 3.

CKal,2 O Kal

25pm (b) ZSpm

Fig. 3. The EDX spectrum (a) and EDX mapping (b) of CF6-30.
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The chemical composition of the cathode materials after modification was
determined through EDX analysis (Fig. 3). Analysis showed that CF6-30 consisted
mainly of carbon (96%) and oxygen (4%), confirming the presence of oxygen-bearing
surface groups, which enhanced electrical conductivity and increased the electrode’s
hydrophilicity. Additionally, the EDX mapping analysis results showed that these
elements were evenly distributed within the electrode composition [13].

X-ray diffraction (XRD) analysis was conducted to investigate the material’s
crystal structure. In Fig. 4a, at the position of 20 = 25, the presence of the 002 plane is
observed, which was an important indicator of the development of carbon’s crystalline
structure [14]. This relates to the purity, crystal size, and electrochemical properties of
activated carbon (AC), thereby influencing its performance in industrial applications
and research. The 002 plane is associated with the layered structure of carbon,
particularly in materials with a graphitic structure. It indicates how carbon layers were
arranged and the distance between them. The crystal structure affected the movement of
electrons within the material, thus influencing its electrical conductivity [15].

In Fig. 4b, FT-IR spectra were measured on raw CF and CF activated at 30°C for
6 hours. For CF, a weak signal band at 3458 cm™ corresponding to the -OH group
vibration can be observed. After modification, the signals of the functional groups in
CF6-30 are more pronounced. In addition to the presence of the -OH group, the peak at
1632 cm™ suggests a stretching vibration of C=0 in -COOH, indicating a significant
formation of carboxyl-containing functional groups [16]. Moreover, the peak at
1379 cm™ also indicates the presence of hydroxyl groups.
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Fig. 4. XRD spectrum (a) and FT-IR of raw CF and activated CF and CF6-30 (b).
3.2. Influence of temperature and processing time

The authors conducted a study to investigate the effect of the activation
temperature of CF (between 30°C and 90°C) on the degradation capacity of LFX (as
shown in Fig. 5a). The results indicated that after 90 minutes of treatment, the
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degradation efficiency of LFX decreased in the following order: CF6-30 at 79.65%,
CF6-60 at 65.78%, and CF6-90 at 31.64%. This trend can be attributed to the strong
oxidizing nature of HNO3. As the activation temperature increased, the structure of CF
became damaged, leading to a reduced degradation efficiency for LFX.

The effect of CF modification time was also investigated (0-12 hours). The results
were presented in Fig. 5b. The findings indicate that as the activation time increased
from 0 to 6 hours, the degradation efficiency of LFX rose from 33.37% to 79.65%. The
surface of the material might have undergone an increase in additional oxygen-
containing groups, leading to an increased formation of H.O> and hydroxyl radical [4].
However, when the CF activation time was extended from 6 to 12 hours, the LFX
degradation efficiency decreased from 79.65% to 47.90%. This decline might be due to
the structural degradation of CF with prolonged activation time.
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Fig. 5. Influence of modification time and temperature of CF on LFX degradation efficiency.

3.3. Application potential of the CF6-30 cathode

In wastewater treatment, the Electro-Fenton (EF) method was widely used to
degrade persistent organic pollutants in wastewater. This technique relied on the strong
non-selective oxidation capabilities of hydroxyl radicals (*OH), which have an oxidation
potential (E°) of 2.80 V. These radicals were produced through the decomposition of
hydrogen peroxide (H20;) and were catalyzed by Fe?*, enhancing their oxidative
capacity. The potential and efficacy of modified CF in the EF process were evaluated on
various pollutants, including antibiotics (LFX and OTC) and dyes (MB, MO, TTZ, and
RhB) (Fig. 6). After 45 minutes of reaction, the degradation efficiency of the pollutants
was observed to increase in the following order: LFX (64.64%) < OTC (81.07%) < TTZ
(92.58%) < RhB (93.49%) < MO (96.53%) < MB (97.14%). After 90 minutes, the
degradation percentages for LFX, OTC, and RhB were 79.65%, 88.74%, and 99.1%,
respectively. The UV-Vis spectrum of the pollutants over time, shown in Fig. 7,
indicated that degradation occurred gradually, as evidenced by a decrease in absorbance
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intensity at the maximum wavelength. Overall, the dyes were readily degradable during
the EF process, with MO and TTZ - two azo dyes - being quickly dismantled.
Remarkably, over 50% degradation of these dyes was achieved within just 5 minutes of
reaction. The degradation of the other pollutants was initially slower but accelerated
significantly after the first 10 minutes. Modified CF demonstrated both flexibility and
effectiveness in degrading various pollutants, and these results align with findings from
previous studies [17], [18].

C/Co

0 15 30 45 60 75 90
Time (min)

Fig. 6. Degradation of antibiotics and dyes by electro-Fenton process.
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Fig. 7. UV-Vis spectra of pollutants over the reaction time.
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The stability of the cathode and its reusability have been tested through
3 consecutive cycles. It is evident that after 3 consecutive uses, the CF6-30 cathode still
maintains good performance in removing LFX (Fig. 8). The results indicate that after
3 reuse cycles, the LFX degradation efficiency slightly decreased from 79.65% to
72.23%, demonstrating the high application potential of the cathode in the electro
Fenton (EF) process. The effects of activation methods using different activating agents
are presented in Tab. 1. The results indicate that our study has the advantage of the CF
activation method using HNOs, which occurs under room conditions and achieves
relatively high pollutant degradation efficiency.

100

H(%)

1st 2nd 3rd

Fig. 8. Stability test of CF6-30 cathode in 3-times continuous.
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Tab. 1. Comparison of CF modification efficiency by HNO; with other chemical agents

. Current ;
Chemical Polutants intensity/ pH Concengratlon Efficiency | References
agent Fe2*
Voltage
Levofloxacin
HN 79.65% .
30023 (LFX) 2mAlm? | 3 0.1mM 9% 0% 1 This study
10 mg/L (90 min)
Levofloxacin
0,
Hgg'ogs (LEV) 8mAcm? | 3 0.05 mM (%%Bn?if) [4]
80 mg/L
Ethanol- Para nitro phenol 78.7%
hydrazine (PNP) -0.65 V/SCE 3 0.2 mM 20' . [9]
60°C 50 mg/L (20 min)
Rhodamine B
HNOs- 96%
(RhB) -0.7 VISCE 3 0.2mM . [10]
H>SO
2504 20 mg/L (120 min)
Oxytetracycline
NaOH ) 83.75%
400°C (0TC) 5.17 mA/cm 3 0.2 mM (30 min) [19]
20 mg/L

4. Conclusion

Carbon felt was successfully modified by concentrated HNO3z at different
temperatures and durations. The optimal modification process was performed at 30°C
for 6 hours. The CF electrode after modification exhibited roughness with deep grooves,
which facilitated the dissolved oxygen reduction reactions, leading to an increased
formation of H20. and hydroxyl radicals, thereby promoting the breakdown of organic
pollutants. The pollutants’ degradation efficiency of LFX, OTC, TTZ, RhB, MO, and
MB reached 64.64-97.14% after 45 minutes of reaction. Furthermore, the stability of
the electrode was tested after 3 consecutive reuse cycles where the degradation
efficiency for the target pollutant LFX decreased from 79.65% to 72.23% after
90 minutes of reaction.
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BIEN TINH CARBON FELT BANG HNO3; CHO QUA TRINH
FENTON DIEN HOA PHAN HUY CHAT O NHIEM HUU CO
TRONG MOI TRUONG NUGC

Bui Nguyén Thu Hal?, Phan Quang Thing®, Nguyén Trung Diing®

YHoc vién Khoa hoc va Cong nghé, Vién Han 1am Khoa hoc va Cong nghé Viét Nam
2Khoa Qudn Iy Pt dai, Triweong Pai hoc Tai nguyén va Méi trwong Ha Néi

3Vien Khoa hoc cong nghé Nang hrong va Méi trieong,

Vién Han 1am Khoa hoc va Cong nghé Viét Nam

4Khoa Hoa - Ly ky thugt, Truong Pai hoc Ky thudt Lé Quy Pon

Tém tat: Trong nghién clru ndy, cac tac gia di tién hanh bién tinh bé mat cua carbon felt
(CF) bang cach sir dung HNO3 dic trong thoi gian tir 0 dén 12 gid & nhiét d6 tir 30°C dén 90°C.
Hinh thai c4u tric cia ca CF thoé va CF bién tinh duoc dic trung bang cac phuong phap SEM,
EDX mapping, XRD, FT-IR va goc tiép xuc. Két qua cho thay CF bién tinh trong 6 gio & 30°C
(CF6-30) c6 hiéu suét phan huy LFX cao nhat. Sau 90 phut phan tng, hiéu suit phan huy LEX
dat 79,65%. Hon nita, dién cuc CF bién tinh thé hién tinh linh hoat va kha nang ap dung cao
trong viéc phan huy nhiéu chat 6 nhiém hitu co khac nhau nhu oxytetracycline, tartrazine,
rhodamine B, methyl dacam va xanh metylen, dat dwoc hiéu suat phan hay tir 64,64% dén
97,14% sau 45 phit phan (mg. Ngoai ra, cac thir nghiém tinh 6n dinh di x4c nhan qua hiéu suit
phan huy LFX 6n dinh sau 3 chu ky tai sir dung.

Tir khéa: Fenton dién hod; carbon felt; levofloxacin; goc hydroxyl.
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