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A B S T R A C T   

The development of metal-free heterogeneous catalysts for advanced oxidation processes is an important area of 
research, advancing in sustainability, with potential practical applications in water treatment. In this work, we 
report the development of defective structured graphitic carbons synthesized from biomass including alginate or 
chitosan polysaccharides and used as metal-free ozonation catalysts in water. These solids were characterized by 
several techniques, including powder X-ray diffraction, several spectroscopies (i.e. X-ray photoelectron, Raman 
or Fourier Transform infrared), elemental combustion analyses, thermogravimetric measurements, and electron 
microscopic techniques. The catalytic performance of graphitic carbon was examined in the ozonation reaction 
and the graphitic carbon derived from alginate (G) was found to be the most active catalyst by showing complete 
degradation in less than 4 h under the operational conditions as oxalic acid (50 mg L− 1), catalyst (100 mg L− 1), 
20 ◦C, O3 dosage (140 mg h− 1) at pH 3. Importantly, this solid retains its activity mostly upon reuse for more 
than 20 h, an observation that compares favorably with previous reports using graphene-based materials. In 
addition, activity of partially deactivated catalyst can be recovered by a pyrolysis process associated to the 
reconstitution of graphitic active sites of the catalyst. Experimental evidence by electron spin resonance together 
with specific (photo)catalytic experiments is provided to support the role of 1O2 as key intermediate during the 
oxalic acid degradation in water in the presence of G. This study exemplifies the activity of active graphitic-based 
solids from biomass precursors as ozonation heterogeneous catalysts in water in the absence of any metal.   

1. Introduction 

Ozone (O3) is widely used in water treatment, particularly in potable 
water plants, because it does not generate any residual species, while it 
provides some desirable properties regarding visual appearance and 
taste [1–3]. Although O3 is a strong oxidizing agent (Eo

O3/O2 = 2.07 V in 
acid media) [4], it typically requires catalysts to drive its decomposition 
towards the generation of the desirable reactive oxygen species (ROS) 
[5–7]. For this reason, the combination of O3 with UV light or O3 and a 
catalyst is considered among the most convenient advanced oxidation 
techniques that can be used for water remediation and pollutant 
degradation [8–10]. In most of the cases, transition metals, like cobalt, 

iron, manganese, copper, and nickel, as well as lanthanides like cerium 
[11] have been reported as active components in heterogeneous ozon-
ation catalysts [12–16]. The series of these catalysts include zero-valent 
metals (Fe0, Zn0, Cu0), metal oxides (Fe3O4, MnO2, Co3O4) and met-
al/metal oxides supported on carbon-based materials (activated carbon, 
carbon nitrides), zeolites or silicas among other possible solids [7]. 

Since carboxylic acids are reluctant to undergo further oxidation 
under advanced oxidation techniques and these compounds are 
frequently the final compounds in waste water treatments, thus, they 
can be used as probe molecules to evaluate the activity of catalysts in 
advanced oxidation processes [17,18]. Specifically, we and others have 
used oxalic acid solutions to evaluate the catalyst performance of 
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carbonaceous materials in the ozonation reaction [19–26]. Since the 
direct decomposition of oxalic acid by O3 in the absence of catalyst does 
not occur, oxalic acid disappearance rate is a simple way to determine 
the relative activity of various materials as ozonation catalysts against 
reluctant pollutants. 

Graphitic carbon-based materials/composites have received signifi-
cant interest in heterogeneous catalysis by employing them either as 
catalysts or as appropriate supports due to their salient features like 
structural compatibility, high surface area, pore structure and chemical- 
mechanical stability [27–32]. Continuing with this line of research, it 
would be of interest to go one step forward using metal-free catalysts for 
O3 activation [32,33]. The use of carbonaceous materials as carboca-
talysts has become a new topic in heterogeneous catalysis due to the 
clear advantages regarding sustainability that offer the use of carbon 
materials in comparison with transition metals [32,34–37]. Further-
more, advanced oxidation processes have been frequently attempted 
with commercial samples like activated carbon [38,39], graphites [40], 
nanographites [21], carbon nanotubes [41,42] as metal-free ozonation 
catalysts in water for pollutant degradation. To move further in this line 
of research, the originality of this work is related to the valorization of 
biomass waste resources (alginate or chitosan) through their trans-
formation into graphitic carbons and to evaluate their activity towards 
O3 activation for pollutant degradation in water. Therefore, our research 
provides new insights about the possibility of using biomass waste re-
sources for the development of graphitic carbons as new metal free 
ozonation catalysts. Herein, we will present a detailed study on oxalic 
acid degradation in water by O3 using various structured defective 
graphitic carbons synthetized from alginate (G) or chitosan polymers 
[(N)G]. Evidence will be shown supporting that ROS are generated on 
the structured G by reaction with O3 and that subsequently these active 
oxygen sites promote the decomposition of oxalic acid. ROS can be 
determined using electron paramagnetic resonance (EPR) spectroscopy 
with appropriate spin traps. Further, catalyst stability is examined in 
terms of leaching, reusability, and productivity tests using G as a cata-
lyst. Although the catalyst becomes deactivated upon extensive use, a 
facile method for the regeneration of the deactivated catalyst by thermal 
annealing has been developed, the regenerated catalyst being further 
used for another five cycles. The causes for the deactivation of the 
catalyst and its regeneration are proved by Raman and X-ray photo-
electron spectroscopy (XPS). 

2. Experimental section 

2.1. Materials and reagents 

Alginic acid sodium salt powder (ref. 180947), cetyl-
trimethylammonium chloride (CTAC, 25 wt% H2O; ref. 292737), chi-
tosan (CS, ref. 448,869), poly(ethylene glycol)-block-poly(propylene 
glycol)-block-poly(ethylene glycol) (pluronic P123; ref. 435465), 
dimethyl sulfoxide (DMSO, >99.9%; ref. 472,301), tert-butanol (>99%; 
ref. 360538), p-benzoquinone (≥98%; ref. B10358), sodium azide 
(NaN3;> 99.5%; ref. S2002), 2,2,6,6-tetramethylpiperidine (TEMP; ref. 
115754; ≥99%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO; ref. 92688 
for EPR-spectroscopy; ≥98%), cobalt (II/III) oxide (Co3O4; nanopowder, 
<50 nm particle size; ref. 637025) and multi-walled carbon nanotubes 
(MWCNTs; ≥98% carbon basis; ref. 773,840) were received from Merck. 
The rest of the chemicals employed in this work were procured from 
Merck with analytical or high-pressure liquid chromatography (HPLC) 
grade and used as received. 

2.2. Preparation of G and (N)G solids 

G material derived from sodium alginate was prepared as reported 
previously [43]. Briefly, 100 mg of sodium alginate was dissolved in 80 
mL of MilliQ H2O and stirred for 2 h at room temperature. Then, 0.4 mL 
25 wt% CTAC diluted in 20 mL of Milli-Q H2O was slowly added under 

magnetic stirring and was further stirred for 6 h at room temperature. 
The resulting mixture was subsequently submitted to hydrothermal 
treatment in a Teflon-lined autoclave at 100 ◦C for 24 h to produce 
structuration of sodium alginate. The templated polysaccharide pre-
cursor containing CTAC was recovered by water evaporation under 
reduced pressure. This solid was pyrolyzed under an Ar flow (0.5 mL 
min− 1) increasing the temperature at a rate of 5 ◦C min− 1 up to 150 ◦C 
and then at 1 ◦C min− 1 up to 900 ◦C, holding this final temperature for 2 
h. During the pyrolysis, CTAC decomposes, and the byproducts evapo-
rate, while sodium alginate is transformed into G [44]. 

(N)G materials having different nitrogen contents were prepared 
from chitosan as reported [43]. Both materials ((N)G-1 and (N)G-2) 
were similarly prepared only by varying Pluronic P123 and chitosan 
weights. To prepare (N)G-1, 34 mg of Pluronic P123 and 1.18 mL of 37 
wt % hydrochloric acid were dissolved in 7.56 mL of Milli-Q H2O at 
50 ◦C. On the other hand, 475 mg of chitosan and 203 μL of acetic acid 
were dissolved in 16.25 mL of Milli-Q H2O and subjected to magnetic 
stirring during 4 h. After that, the chitosan aqueous solution was added 
into the Pluronic P123 aqueous solution under magnetic stirring and the 
resulting solution stirred for 6 h at room temperature to ensure complete 
homogeneity. Then, the solution was placed to a Teflon-lined autoclave 
and heated at 100 ◦C under autogenous pressure for 24 h. In this hy-
drothermal treatment, the templation of chitosan fibrils by Pluronic 
P123 micelles is produced. To obtain (N)G material, the sample was 
pyrolyzed under Ar flow (0.5 mL min− 1), increasing the temperature at a 
rate of 2 ◦C min− 1 up to 900 ◦C and holding the final temperature for 2 h. 
(N)G-2 was prepared similarly, but using 234 mg of Pluronic P123 and 
325 mg of chitosan. 

2.3. Catalytic activity 

Catalytic ozonation experiments were carried out employing a 
commercial O3 generator that provides ozonized dry air (140 mg O3 h− 1; 
570 mL min− 1) through a gas diffuser (pore size 100–160 μm) placed in 
the bottom of a glass reactor (500 mL). The concentration of O3 from the 
generator was titrated by iodometric method. An O3 concentration of 
140 mg h− 1 was determined for a flow of 570 mL min− 1, while the 
effective O3 concentration present in the reaction system was estimated 
to be about 86.8 mg h− 1. For catalytic tests, G-based materials (G or (N) 
Gs) (100 mg L− 1) were dispersed by ultrasound treatment (450 W, 15 
min) in an oxalic acid aqueous solution (50 mg L− 1, 200 mL) employing 
Milli-Q water. 0.1 M NaOH or 0.1 M HNO3/HCl aqueous solution was 
used to adjust the pH at the required initial value. The kinetics of oxalic 
acid degradation was followed by analyzing periodically aliquots of the 
reaction mixture after filtering the suspension with a 0.2 μm Nylon filter 
by HPLC using a sulfonated polystyrene-divinylbenzene copolymers 
(ICSep ICE-COREGEL 87H3, 7.8 mm × 300 mm) column inserted in an 
oven (Echotherm) coupled with a UV–Vis detector. An aqueous sulfuric 
acid solution (0.001 N) was employed as a mobile phase at 0.8 mL min− 1 

flow rate. The catalytic experiments were carried out at least two times. 
The data presented corresponds to the average of each data point and 
the corresponding standard deviation is also presented in each figure. 
Additionally, the dissolved organic carbon contents of the initial and 
final concentration of oxalic acid previously filtrated reaction aliquots 
were analyzed by a High-TOC Elementar II analyzer. 

Selective ROS quenching experiments were also conducted in the 
presence of G sample, adding 20 mol % of quencher respect to oxalic 
acid. DMSO and tert-butanol were used as HO⋅ radical quenchers. p- 
Benzoquinone and NaN3 were employed as selective superoxide/hy-
droperoxide and 1O2 quenchers, respectively. 

2.4. Reactivation of six-times used G as ozonation catalyst 

The six-times used G (G-6U) was recovered by filtration (Nylon filter 
0.22 μm) and washed three times with 1 L of Milli-Q water under stirring 
for 1 h each cycle, followed by drying in an oven at 100 ◦C for 12 h. The 
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dried G-6U powder was introduced in a tubular oven under Ar flow rate 
of 200 mL min− 1 and heated at 900 ◦C at the rate of 5 ◦C min− 1 with a 
dwelling time of 1 h. Later, the oven was cooled at room temperature 
while maintaining the Ar flow and the solid was washed with ethanol 
(100 mL) and water (100 mL), and finally dried at 100 ◦C for 12 h. 

2.5. Characterization methods 

Powder X-ray diffraction (PXRD) was measured by a Philips XPert 
diffractometer (40 kV and 45 mA) using Ni filtered Cu Kα radiation. 
UV–Vis. Raman spectra were collected at room temperature upon 315 
nm laser excitation using a Renishaw in VIA Raman spectrophotometer 
equipped with a CCD detector. Fourier-Transform infrared (FT-IR) 
spectra were recorded in a Bruker spectrophotometer using an attenu-
ated total reflectance (ATR) cell. Thermogravimetric analyses (TGA) 
were measured on a TGA/SDTA851e Mettler Toledo station. Isothermal 
N2 adsorption measurements were performed at 77 K using Micro-
meritics equipment (ASAP 2010). XPS measurements were carried out 
with a SPECS spectrometer equipped with an MCD-9 detector using a 
monochromatic Al (Kα = 1486.6 eV) X-ray source. The C 1s peak at 
284.4 eV was employed as reference. Combustion elemental analyses 
were performed using a CHNOS analyzer (PerkinElmer). Transmission 
electron microscopy (TEM) images of the carbonaceous samples were 
acquired using a field emission TEM (JEOL JEM-2100F instrument) 
operating at 200 kW. High resolution scanning electron microscopy 
(HR-SEM) images were acquired using a field emission HR-SEM (ZEISS 
GeminiSEM 500 instrument). EPR measurements were recorded with 
Bruker EMS spectrometer setting the following parameters: field 9.803 
GHz, sweep width 3489.9 G, time constant 40.95 ms, modulation fre-
quency 100 kHz, modulation width 1 G, and microwave power 19.92 
mW. Zeta potential measurements were determined with a Zetasizer 
Nano ZS (Malvern Panalyticial UK) with 10 mg L− 1 of G suspension with 
the pH range between 1 and 12 (adjusted with HCl or NaOH). 

2.6. EPR measurements 

EPR experiments were carried out in liquid phase using DMPO and 

TEMP as spin trapping agents. An aqueous solution of DMPO (1 g L− 1; 
25 mL) with 5 mg of G solid at pH 3 were introduced in the O3 generator 
for 15 min and the aliquots were sampled under identical time as shown 
in Fig. 4. TEMP was employed under the same conditions, but with an 
ozonation time of 1 min. EPR spectra of 1 mL of Ar-purged filtered ali-
quots (0.45 μm Nylon filter) were recorded in Bruker EMS spectrometer. 

2.7. Photochemical experiments to generate 1O2 

Rose Bengal (50 mg L− 1) was used for the photochemical 1O2 gen-
eration in water in the absence or presence of G (25 mg L− 1). A solution 
of oxalic acid (20 mg L− 1) in water at pH 3 was used as probe to 
determine the intrinsic activity of 1O2 and 1O2-activated G. Irradiation 
was carried out UV–Vis light from a 150 W Hg–Xe Hamamatsu L8253 
lamp using a Hamamatsu spotlight source L9566-04 housing and 
A10014-50-0110 light guide. 

3. Results and discussion 

3.1. Catalyst preparation and characterization 

The catalysts prepared in the present study are defective structured 
graphitic carbons termed as G and (N)G obtained by pyrolysis of sodium 
alginate or chitosan, respectively. Alginate and chitosan were previously 
structured by soft templation using CTAC or Pluronic 123, respectively 
[43–46]. Initially, these materials were characterized by powder XRD 
and the results are shown in Fig. 1. G exhibits a broad band centered at 
2θ value of 10.92◦ with a d spacing of 8.1 Å, characteristic peak observed 
for G-based materials. Further, (N)G samples also show a broad band, 
but centered around 2θ value of 22◦ indicating higher stacking of G 
layers compared to G. In agreement with these observations and previ-
ous reports [43,45], a higher Brunauer–Emmett–Teller (BET) surface 
area and pore volume were measured for the G sample (1141 m2 g− 1; 
0.34 cm3 g− 1) compared to (N)G-1 (384 m2 g− 1; 0.073 cm3 g− 1) or (N) 
G-2 (443 m2 g− 1; 0.088 cm3 g− 1) (Fig. 1). 

The graphitic nature of these samples was confirmed by Raman 
spectroscopy (Fig. S1). Raman spectroscopy is a common 

Fig. 1. a) Powder XRD and BET surface area of b) G, c) (N)G-1 and d) (N)G-2 materials.  
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characterization tool to determine the degree of defects in carbon-based 
materials, including graphites, graphenes and hybridized sp2/sp3 car-
bons, among others [32]. In general, the so-called G band is related to 
the presence of ideal graphitic domains on a carbon material, while the 
D band is related with the presence of structural defects, like the pres-
ence of heteroatoms such as oxygen or nitrogen. Fig. 2a shows the ex-
pected G and broad D vibration bands at 1590 and 1350 cm− 1 for G, (N) 
G-1 and (N)G-2 solids, accompanied by a harmonic band at about 2950 
cm− 1 corresponding to the G + D harmonic frequency. Raman spectra 
can be also used to determine ID/IG intensity ratio that is often used as a 
semiquantitative parameter to rank the degree of defects on 
carbon-based materials, the higher the ID/IG value, the higher the 
number of defects within the sample. In the present case, the level of 
disorder in these samples was also evaluated from the ratio ID/IG ratio 
(Fig. 2a), the lower ratio observed for G associated is proposed to be 
associated with a higher graphitic nature of this sample. 

Elemental combustion analyses confirmed the presence of carbon 
and nitrogen elements in (N)G-1 (74.5 wt% C and 4.6 wt% N) and (N)G- 
2 (72.1 wt% C and 2.4 wt% N) ascribed to the presence of amino groups 
in chitosan polymer precursor employed during the synthesis of these 
solids. In the case of G, carbon was the main element (80.5 wt% C), but it 
was also accompanied by nitrogen atoms (2 wt%) and it is attributed to 
the incomplete removal of CTAC used as templating agent during the 
pyrolysis treatment. 

XPS analyses were further employed to determine the chemical na-
ture of carbon and nitrogen elements, together with oxygen atoms 
(Fig. 2b–d, Figs. S2–S4 and Table S1) [47]. In general, the three G-based 
materials are characterized by a XPS C 1s spectra with a main band 
centered at 284.4 eV due to sp2 carbons accompanied with other bands 
at ~285 eV due to C–O/C–OH/C–N bonds, at ~288 eV associated to 
carbonyl groups, ~290 eV characteristic of carboxylate derivatives, 
while the band at about ~291.5 eV due to π-π* transition of carbon in 
aromatic moieties. XPS O 1s level shows three bands associated with 
carbonyl/quinone (~530 eV), hydroxyl/ether (~532 eV) or carboxylic 
acid/lactones (~534 eV). In the case of (N)G samples, N 1s bands are 
attributed to graphitic (402 eV) and amino groups (399 eV), while G 
sample shows the presence of a main component of graphitic nitrogen. 

FT-IR spectroscopy was also employed to monitor the changes of 
surface functional groups present in the different types of graphitic 

carbon materials (Fig. S5). FT-IR spectrum of G shows the presence of 
weak bands associated to hydroxyl groups (3420 cm− 1), which are not 
present or seen in lower intensity in (N)G-based samples. The weak 
bands at about 2970 and 2890 cm− 1 in the FT-IR spectra of N(G) solids 
are characteristic for asymmetric and symmetric –CH2- stretching vi-
brations, respectively. FT-IR spectra of G and (N)G have some bands 
around 1600 and 1500 cm− 1 which are due to aromatic C=C stretching 
vibrations. The broad band centered at 1100 cm− 1 can be assigned to 
vibrations of C–O and C–N bonds. 

HR-SEM and HR-TEM measurements revealed the presence of 
tubular-like morphologies generated in the soft templation step of so-
dium alginate followed by graphitization (Fig. 3). Similar character-
ization analyses for (N)G-1 and (N)G-2 solids revealed the presence of 
graphitic carbon layers with an interlayer distance of 0.38 nm which is a 
typical value for graphene-based materials. 

To put into context the catalytic activity of G and (N)G solids, other 
materials were also considered in this study. The list of materials in-
cludes commercial Co3O4 nanoparticles (NPs) (<50 nm size; 40–70 m2 

g− 1) since it is one of the most active transition metals for O3 activation 
[12,13]. Commercial MWCNTs (3–6 μm size; 280–350 m2 g− 1) con-
taining some Fe impurities (Fe percentage in MWCNTS obtained by 
ICP-OES ~ 0.01 wt%) were also used as control to compare the per-
formance of G and (N)G catalysts. 

3.2. Catalytic activity 

The catalytic performance of the as-prepared solids as ozonation 
catalysts was carried out in aqueous suspension, bubbling continuously 
O3 (140 mg h− 1) through an aqueous solution of oxalic acid (50 mg L− 1) 
at room temperature at pH 3. Fig. 4 shows the temporal profile of oxalic 
acid decomposition in the presence of various catalysts under evalua-
tion. As expected, in the absence of any catalyst, oxalic acid concen-
tration by direct reaction with O3 decreased less than 10 % after 5 h. 
Besides, control experiments revealed that oxalic acid removal by 
adsorption on G is lower than 5 % after 5 h. The presence of (N)G-1 
increased oxalic acid degradation marginally to 15 % after 5 h. The other 
samples under study were significantly more efficient although (N)G-2 
was a less active sample compared to commercial samples of Co3O4 NPs 
and MWCNTs. In contrast, G exhibits a remarkable activity, close to that 

Fig. 2. a) Raman spectra of G, (N)G-1, (N)G-2 and high-resolution XPS of b) C 1s, c) O 1s, d) N1s for G, (N)G-1, (N)G-2 materials.  
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of Co3O4 NPs and MWCNTs as reference catalysts, achieving a complete 
oxalic acid degradation in less than 4 h. The lower catalytic activity of 
(N)Gs compared to G can be associated to their reluctance to undergo 
oxidation by O3 and the lack of activity to form ROS which are able to 
degrade oxalic acid. The results presented in Fig. 4 clearly show the 
notable ozonation activity of G as a metal-free catalyst. Further, com-
plete oxalic acid mineralization was assessed with G as the catalyst by 
measuring the dissolved organic carbon of the samples previously 
filtered at the initial and at the final reaction time. 

The pH value of the reaction medium has a remarkable influence in 
the generation of ROS and hence, oxalic acid degradation was also 
optimized at different pH values in the range from 3 to 9 using either 

HNO3 or NaOH. In a control experiment, to figure out the potential 
oxidizing effect of NO3

− ions under acidic conditions in the catalytic 
ozonation process, the performance of G as a catalyst at pH 3 using HCl 
was performed under identical conditions as shown in Fig. 5 and 
observing similar degradation kinetics. Fig. 5 shows that the catalytic 
activity of G decreased as the pH value of the medium is increased. This 
observation might be attributed to the lower stability of O3 in water at 
basic pH values [20,48] that results in lower available amount of O3 to 
be catalytically transformed into active ROS. Besides considering the 
stability of O3, previous studies have proposed that the inherent prop-
erties of the catalyst such as its point of zero charge (PZC) can influence 
the catalytic efficiency as a function of the pH of the solution [49–51]. In 
the present case, the influence of the pH on a G water suspension on the 
resulting Zeta potential was measured and the results are shown in 
Fig. S11. From these data the PZC was estimated to be 2.47. Then, oxalic 
acid adsorption on G suspensions at different pH values was studied. The 
results indicated that oxalic acid adsorption on G gradually decreases (ca 
5 wt% adsorption at pH 3) as the pH increases (ca 1 wt% adsorption at 
pH 9). These results were rationalized considering that basic pH values 
result in negative PZC of G and, thus, oxalate adsorption is unfavorable 
due to repulsion of negative charges between them. Therefore, the 
higher oxalic acid adsorption and O3 stability observed at acidic pH 
values can favor the catalytic degradation of oxalic acid in water. In the 
area of heterogeneous catalytic ozonation for pollutant degradation in 
water, some studies have proposed that this process is more efficient at 
pH values close to the PZC [50,52] and a similar situation might also 
occur in the present case. 

One important point in heterogeneous catalysis is to show that the 
reaction occurs on the solid surface and not in solution due to the 
leaching of some active species. Heterogeneity is typically proved by 
performing twin experiments, removing in one of them the solid catalyst 
at a certain reaction time after some product evolution has occurred and 
observing that the reaction stops after solid removal. The results of the 
leaching experiment are presented in Fig. 6. As can be seen there, the 
three initial points at 0, 10 and 40 min of the two experiments coincide 
for the twin reactions. However, oxalic acid continues disappearing in 
the presence of G as catalyst and it becomes completely degraded after 
230 min. In contrast, degradation of oxalic acid completely stops upon 
removal of G by filtration under similar conditions. This experiment 
convincingly proves that oxalic acid degradation is only possible with 
the assistance of G as the catalyst and further no leaching of active sites 
occurs to the solution. This is important information since ROS, partic-
ularly O3 and other species derived therefrom, must be present in the 
liquid phase as short- or long-lived compounds. However, this cocktail of 
ROS in solution is completely inefficient to degrade oxalic acid under the 
current experimental conditions as shown in Fig. 6. This filtration test 
proves that the presence of G as the catalyst is essential for oxalic acid 
degradation. 

Fig. 3. HR-SEM images of a) G, c) (N)G-1 and e) (N)G-2 and HR-TEM images of 
b) G, d) (N)G-1 and f) (N)G-2 solids. 

Fig. 4. Comparison of the catalytic activity of a series of catalysts for ozonation 
reaction, using oxalic acid in water at pH 3. Legend: O3 (■), adsorption of 
oxalic acid on G without O3 (□), ozonation in the presence of catalysts: (N)G-1 
(▴), (N)G-2 (△), G (▽), Co3O4 NPs (○) and MWCNTs (⋄). Reaction conditions: 
oxalic acid (50 mg L− 1), catalyst (100 mg L− 1), 20 ◦C, O3 inlet (not for 
adsorption experiment, □) into the glass reactor (140 mg h− 1). 

Fig. 5. Carbocatalytic ozonation of oxalic acid at different initial pH values 
using G. Legend: pH 3 (□), pH 5 (○), pH 7 (△) and pH 9 (⋄). Reaction con-
ditions: oxalic acid (50 mg L− 1), G (100 mg L− 1), 20 ◦C, O3 inlet into the glass 
reactor (140 mg h− 1). 
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Assessment of catalyst stability in subsequent cycles is one of the 
important aspects to be addressed in heterogeneous catalysis. To 
determine the stability of G, this solid was used in a series of six 
consecutive ozonation reactions. The results are presented in Fig. 7a. It 
was observed that the material exhibited a gradual decrease in its cat-
alytic activity. Six-times used G (G-6U) sample exhibited only 40 % 
degradation efficiency compared to the 100 % degradation achieved by 
the fresh G sample under similar experimental conditions. In addition, 
the somewhat slower initial reaction rate was measured for G-6U solid in 
comparison to the fresh G sample. On the other hand, G was also used as 
a metal-free catalyst for the productivity test for the degradation of a 
relatively large amount of oxalic acid (1 g L− 1) in water at pH 3 as shown 
in Fig. 7b. These results are highly promising considering that oxalic 
acid is completely degraded after 225 h suggesting the durability of G as 
solid heterogeneous catalyst. 

Based on these observations and previous related precedents [19, 
20], we postulate that this activity decay should be due to the partial G 
oxidation with concomitant decrease in the population of active sites. It 
should be noted that sp2 aromatic carbon edges have been proposed as 
active sites for O3 activation. To address this hypothesis, Raman spec-
troscopy was used to characterize the possible changes that occurred 
with G solid during the catalytic ozonation reuse experiments (Figs. 8a 
and S6). G-6U sample shows a higher number of defects (ID/IG ratio 
1.32) compared to the fresh sample (ID/IG ratio 1.24) as shown in 
Fig. 8a. It is likely that these defects are related to the presence of oxygen 
functional groups on the G sample due to its partial oxidation during the 
catalytic ozonation. Interestingly, thermal annealing of G-6U solid under 
Ar atmosphere (900 ◦C for 1 h) was performed to reduce the number of 
defects (G-6U-REG) and its ID/IG ratio (1.15) is measured to be close to 
fresh G solid. 

XPS analyses were also carried out to gain some information about 
the structural properties of partially deactivated (G-6U) and regenerated 
(G-6U-REG) samples (Fig. 8 and Figs. S7–S9). The observed changes in 
XPS C 1s spectra are compatible with the partial oxidation of G during 
the catalytic ozonation as revealed by a decrease of the π-π* band in-
tensity (~290.5 eV) in the G-6U. Interestingly, this band is recovered in 
G-6U-REG sample. In addition, XPS O 1s clearly revealed an increase of 
oxygen functional groups (16.4 at%) of G-6U compared to fresh G 
sample (12.9 at%), while G-6U-REG sample recovers the initial 
composition of oxygen functionalities (13.7 wt%) (Table S2). Detailed 
XPS analyses revealed that graphitic carbon of G-6U is carbonyl/ 
quinone (~530.7 eV), hydroxyl/ether (~532.1 eV) or carboxylic acid/ 
lactones (~533.3 eV). Additionally, the functional groups present in G- 
6U-REG are identical to fresh G, except for the presence of additional 
carbonyl/quinone (~530.7 eV) groups. In the case of N 1s, no significant 
observable changes of graphitic nitrogen were observed. 

Furthermore, FT-IR spectra (Fig. S10) indicate that the relative in-
tensities of O–H (3300 cm− 1) and C=O (1710 cm− 1) stretching vibra-
tions in G-6U solid slightly increased compared to fresh G and this is 
associated to the introduction of alcohols and/or carbonyl/carboxylate- 
like groups. In contrast, FT-IR spectrum of the G-6U-REG solid resembles 
identical to that of fresh G, due to the removal of oxygen functionalities 
through pyrolysis. In agreement with these observations, G-6U sample 
exhibits lower thermal stability than G due to the presence of unstable 
oxygen-functional groups such as carboxylates from about 400 ◦C [53], 
while G-6U-REG recovers the thermal stability equivalent to G. 

To further confirm the physicochemical properties of G during the 
reusability study, HR-TEM measurements for G, G-6U and G-6U-REG 
samples were performed and their images along with the d-spacing 
values are presented in Figs. S12 and S13. These HR-TEM images 
confirm that the partial deactivation of G is due to the oxidation of the 
graphitic structure (G-6U) and this issue can be solved by pyrolysis to 
regenerate the catalyst through re-graphitization (G-6U-REG). In other 
words, G and G-6U-REG are characterized by graphitic domains with sp2 

C–C bonds having d-spacings of about 0.35 nm while G-6U have in 
addition d-spacings of about 0.23 nm associated with sp3 C–C bonds 
(Fig. S13). These results are in good agreement with previous XPS, 
Raman and TGA measurements. 

The achieved catalytic data indicate that G solid is an active metal- 
free carbon-based material that can be reused five times, while retain-
ing about 70 % of its initial activity (Fig. 7a). To put into context these 
results, Table 1 summarizes the activity and stability of some previously 
reported graphitic materials as heterogeneous ozonation catalysts in 

Fig. 6. Oxalic acid degradation in the presence of G (□) or starting the reaction 
in the presence of G that was filtered at 40 min (○). Reaction conditions: oxalic 
acid (50 mg L− 1), G (100 mg L− 1), pH 3, 20 ◦C, O3 inlet to the glass reactor 
(140 mg h− 1). 

Fig. 7. a) Reusability study and the influence of the thermal reactivation at 
900 ◦C for G as a metal-free catalyst during the ozonation of oxalic acid at pH 3. 
Reaction conditions: Carbocatalyst (100 mg L− 1), oxalic acid (50 mg L− 1), 
temperature 20 ◦C, O3 inlet to the glass reactor (140 mg h− 1). b) Productivity 
test for the degradation of a relatively large amount of oxalic acid (1 g L− 1) in 
water at pH 3 using G at 50 mg L− 1 catalyst (■). 

Fig. 8. a) Raman spectroscopy with indication of ID/IG ratio, b) XPS C 1s, c) 
XPS O 1s, and d) TGA of G, G-6U and G-6U-REG. G-6U and G-6U-REG refer to 
the six times used G and the regenerated sample by pyrolysis, respectively. 
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water. A general conclusion from these previous studies indicates that 
single or few layers graphene materials or hybrid sp2/sp3 nanodiamonds 
are active ozonation catalysts that suffer strong deactivation after their 
first use. Therefore, it is believed that the G solid prepared in this work 
exhibits improved stability compared to previous single or few layers 
graphene-based ozonation catalysts. 

3.3. Reaction mechanism 

Control experiments shown in Fig. 4 indicate that oxalic acid 
degradation does not occur in the absence of O3 or G, which are in good 
agreement with the previous reports that has proposed oxalic acid as 
probe for catalytic ozonation reaction. To gain some insights into the 
reaction mechanism and to identify the formation of ROS, EPR mea-
surements and quenching experiments were carried out. The presence of 
ROS in solution was confirmed by EPR spectroscopy by performing an 
ozonation experiment in the presence of G under optimized conditions 
for short reaction times, but in the presence of spin traps. For this pur-
pose, two spin trap agents, namely DMPO and TEMP were used to trap 
selectively HO./HOO⋅/O2

⋅- radicals and 1O2, respectively. In these trap-
ping experiments, EPR spectroscopy was able to determine the corre-
sponding expected trapping adducts, mainly DMPOX and TEMPO 
(Fig. 9). Specifically, EPR experiment using TEMP as a spin trap confirms 
the catalytic O3 transformation into 1O2, while the EPR measurement 
with DMPO excludes the formation of HO⋅/HOO⋅/O2

⋅- radicals. The 
presence of a characteristic peak pattern for DMPOX is due to the 
oxidation of DMPO, either by O3 [59] or 1O2 [60,61], as previously 
reported. 

To further validate the formation of ROS during the catalytic ozon-
ation involving G as the catalyst, quenching experiments were per-
formed using selective quenchers. In these quenching studies, oxalic 
acid degradation should stop when the reaction is performed in the 

presence of a quencher for a specific ROS that plays a role as active 
species. Fig. 10a–c shows the temporal profile of oxalic acid degradation 
using G as the catalyst in the presence of different quenchers and con-
centrations (ca 1, 10 and 20 mol % quencher respect to oxalic acid). As it 
can be seen there, oxalic acid degradation is not affected by the presence 
of p-benzoquinone that is a quencher for O2

⋅-/HOO⋅ or tert-butanol for 
HO⋅ radicals. In fact, previous studies have reported the rate constants 
for the reaction between these quenchers and the ROS. For instance, tert- 
butanol was used as quencher for HO⋅ radical quenching in solution 
resulting in a rate constant with the value of 5 × 108 M− 1s− 1 [62]. It 
should be noted that the reactivity of O3 with tert-butanol is almost 
negligible (3 × 10− 3 M− 1s− 1) compared to the reactivity of HO⋅ radicals. 
Interestingly, the quenching effect of NaN3 on oxalic acid degradation 
during the catalytic ozonation using G increases along its concentration 
(ca 1, 10 and 20 mol % respect to oxalic acid). Previous reports have 
described that the quenching of 1O2 by NaN3 occurs through the for-
mation of a partial charge-transfer intermediate (N3

− + 1O2 → [N3⋯O2
− ] 

[63]. These results are in agreement with EPR measurements, but 
somehow surprising and unexpected, since oxalic acid degradation by 
catalytic ozonation is mostly occurring through HO⋅ radicals and not by 

Table 1 
Comparison of the catalytic activity of G with previous related studies using 
graphene materials. rGO corresponds to reduced graphene oxide.  

Catalyst Reaction conditions General remarks Ref. 

rGO Catalyst (50 mg L− 1), oxalic 
acid aqueous solution (50 
mg L− 1), O3 (140 mg h− 1), 
pH 3, 20 ◦C, 120 min 

The activity of rGO 
decreases about 80 % 
after its first use 

[54] 

rGO Catalyst (100 mg L− 1), p- 
hydroxybenzoic acid 
aqueous solution (20 mg 
L− 1), O3 (100 mL min− 1; 20 
mg L− 1), 25 ◦C, 30 min 

The activity of fresh 
catalyst decreases more 
than 40 % of initial 
activity after its first use 

[55] 

Hybrid sp2/sp3 

nanodiamonds 
Catalyst (100 mg L− 1), 
oxalic acid aqueous 
solution (50 mg L− 1), O3 

(140 mg h− 1), pH 3, 20 ◦C, 
180 min 

The catalyst loses more 
than 50 % of its initial 
catalytic activity after 
its first use 

[19] 

N-rGO Catalyst (250 mg L− 1), 
benzotriazole (0.084 mM), 
O3 (2 mg L− 1), pH 4.75, 7.5 
min 

The catalyst partially 
deactivates upon reuse 
and requires an 
increase of reaction 
time from 7.5 to 30 min 
to achieve similar 
conversion. 

[56] 

rGO Catalyst (100 mg L− 1), 4- 
nitrophenol (50 mg L− 1), O3 

(100 mL min− 1; 50 mg L− 1), 
pH 5, 25 ◦C 

The catalyst partially 
deactivates upon reuse 
resulting in an increase 
of the reaction time to 
20 and 30 min to 
achieve full conversion 
compared to the fresh 
sample (15 min) 

[57] 

N-rGO Catalyst (100 mg L− 1), 4- 
nitrophenol (50 mg L− 1), O3 

(100 mL min− 1; 50 mg L− 1), 
pH 5, 25 ◦C 

The catalyst partially 
deactivates about 22 % 
after its third use. 

[58]  

Fig. 9. EPR spectra recorded at short ozonation time (10 min) using G as a 
metal-free catalyst in the presence of a) DMPO and b) TEMP as spin trap-
ping agents. 

Fig. 10. Carbocatalytic ozonation of oxalic acid at pH 3 using G as carboca-
talyst in the absence (■) or in the presence of NaN3 (⋄), DMSO (●), tert-butanol 
(□) and p-benzoquinone (○) at a) 20 mol%, b) 10 mol% and c) 1 mol%. Re-
action conditions: oxalic acid (50 mg L− 1), G (100 mg L− 1), 20 ◦C, O3 inlet to 
the glass reactor (140 mg h− 1). d) Metal-free catalytic degradation of oxalic 
acid in water at pH 3 using G and Rose Bengal. Legend: oxalic acid solution and 
absence of both Rose Bengal and G (○); oxalic acid solution irradiating with 
Rose Bengal in the absence of G (□); irradiating with Rose Bengal and G (250 
mg L− 1) for 60 min, lights off and, then, addition of oxalic acid (●); oxalic acid 
solution irradiating with Rose Bengal and G (100 mg L− 1) (■). Reaction con-
ditions: Rose Bengal (50 mg L− 1), oxalic acid (20 mg L− 1), 20 ◦C. 
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HOO⋅ radicals [32]. These results imply that somehow 1O2 is the main 
ROS responsible for oxalic acid degradation in the presence of G under 
the present experimental conditions. 

To understand better the role of 1O2 as the ROS in the degradation of 
oxalic acid, three additional and complementary reactions were carried 
out. The results are presented in Fig. 10d. In one of these experiments to 
understand the role of 1O2, degradation of oxalic acid was attempted in 
the absence of O3 by irradiation of the aqueous solution of Rose Bengal 
as 1O2 photosensitizer with UV–Vis. No oxalic acid degradation was 
observed under these conditions, meaning that 1O2 in homogeneous 
phase is unable to degrade oxalic acid, a fact that is in agreement with 
the prior assumption that oxalic acid degradation is specific to HO⋅ 
radicals. In a second experiment, visible light illumination of Rose 
Bengal was performed in the presence of G as the catalyst. Degradation 
of oxalic acid under these conditions was observed, meaning that the 
combination of 1O2 with G as the catalyst generates active sites to 
decompose oxalic acid. In the third experiment, a larger-than-usual 
amount of G (250 mg L− 1 rather than 100 mg L− 1) was submitted to 
1O2 for 60 min by irradiation of Rose Bengal in the absence of oxalic acid 
and after this time, the light was switch off and oxalic acid was added in 
the absence of 1O2 generation. Oxalic acid degradation was observed 
under these conditions in which no direct contact between 1O2 and G has 
taken place, meaning that it is the G surface attacked by 1O2 what causes 
oxalic acid decomposition. Of note is that the amount of G present in the 
system is limited by the constraints of the photochemical 1O2 generation 
that requires certain transparency to Rose Bengal excitation. Impor-
tantly, if instead of Rose Bengal irradiation, G is exposed to O3 in the 
absence of oxalic acid and subsequently, ozonation is discontinued and 
oxalic acid is added, similar results as those observed for Rose Bengal 
were achieved and oxalic acid degradation proceeds in the absence of O3 
flow. 

To reconcile all the results, particularly the main role of 1O2 as 
responsible for oxalic acid degradation and the fact that in the absence of 
G, 1O2 is unable to attack oxalic acid, it is proposed that 1O2 reacts with 
G forming the real active species that are efficient to degrade oxalic acid. 
These surface reactive species do not require further 1O2 to attack oxalic 
acid and for this reason the reaction can be performed sequentially as 
observed in Fig. 10d. This proposal agrees with the prior ozonation 
observation that removal of G completely stops oxalic acid degradation 
(Fig. 6) suggesting that none of the ROS in solution decomposes oxalic 
acid or the Rose Bengal photosensitized 1O2 generation that also fails to 
decompose oxalic acid in the absence of G. 

Based on the known reactivity of 1O2 and the fact that it readily re-
acts with condensed polycyclic aromatic compounds, such as anthracene 
to form endoperoxides and, also knowing the mechanistic decomposi-
tion of these aromatic endoperoxides [64,65]. It is proposed that 1O2 
reacts initially with polyaromatic rings present in G to form aromatic 
endoperoxides. The lower catalytic activity of (N)G can be rationalized 
accordingly due to their reluctance to undergo oxidation compared to 
analogous N-free carbons. These aromatic endoperoxides are reasonable 
stable in acidic conditions but degrade catalytic in the presence of bases. 
Therefore, at acidic pH and ambient temperatures, these endoperoxides 
should survive for a certain time. Acid catalyzed decomposition of sur-
face generated endoperoxide can generate oxyl radicals that, although 
less reactive than HO⋅ radicals are proposed to attack oxalic acid and 
promote its decomposition. 

4. Conclusions 

Catalytic ozonation is an established process to increase O3 activity 
in degradation processes of organic compounds. Most of the reported 
ozonation catalysts are based on transition metals as the most efficient 
catalysts for O3 activation. In these cases, the main involved ROS are 
HO⋅ radicals and oxalic acid has been proposed as a suitable probe to 
determine catalyst perfoemance for O3 activation. Herein, we have 
shown that metal-free structured G synthesized from biopolymers such 

as alginate or chitosan can be employed as ozonation catalysts. Among 
these catalysts, G exhibited 100% degradation of oxalic acid in less than 
4 h which is far better than (N)G-1 (20%) and (N)G-2 (100% after 5.5 h) 
catalysts under the operational conditions as oxalic acid (50 mg L− 1), 
catalyst (100 mg L− 1), 20 ◦C, O3 dosage (140 mg h− 1). Interestingly, 
productivity test using G as catalyst shows the complete removal of 
oxalic acid (1 g L− 1) after 225 h suggesting the durability of G under the 
present operational conditions. Further, the performance of G as the 
ozonation catalyst for the degradation of oxalic acid involves 1O2, a fact 
that is remarkable considering the sustainability in the preparation of G. 
The reaction does not involve a radical chain reaction in the liquid phase 
but occurs in the presence of G previously treated either with 1O2 or O3. 
Characterization of the partially deactivated G-6U sample during the 
consecutive six reuses indicates that deactivation appears to be caused 
by G oxidation. This partial oxidation can be completely reverted by 
pyrolysis, restoring its structural integrity and catalytic activity as 
equivalent to the fresh material. Quenching and spin trap experiments 
with EPR spectroscopy confirmed the involvement of 1O2 as key ROS 
under the optimized experimental conditions. Overall, the present study 
unambiguously proves the active role played by 1O2 as ROS in ozonation 
using metal-free carbonaceous materials from sustainable biopolymers. 
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[11] C.A. Orge, J.J.M. Órfão, M.F.R. Pereira, A.M.F. Duarte de FariasM.A., Ceria and 
cerium-based mixed oxides as ozonation catalysts, Chem. Eng. J. 200–202 (2012) 
499–505. 

[12] P. Konova, M. Stoyanova, A. Naydenov, D. Mehandjiev, Catalytic oxidation of 
VOCs and CO by ozone over alumina supported cobalt oxide, Appl. Catal., A 298 
(2006) 109–114. 

[13] L. Zhang, F. Huo, A. Wang, S. Chai, J. Guan, G. Fan, W. Yang, G. Ma, N. Han, 
Y. Chen, Coordination-controlled catalytic activity of cobalt oxides for ozone 
decomposition, Inorg. Chem. 62 (2023) 9178–9189. 

[14] Y. Qi, C. Guo, X. Xu, B. Gao, Q. Yue, B. Jiang, Z. Qian, C. Wang, Y. Zhang, Co/Fe 
and Co/Al layered double oxides ozone catalyst for the deep degradation of aniline: 
preparation, characterization and kinetic model, Sci. Total Environ. 715 (2020) 
136982. 

[15] T. Batakliev, V. Georgiev, M. Anachkov, S. Rakovsky, G.E. Zaikov, Ozone 
decomposition, Interdiscipl. Toxicol. 7 (2014) 47–59. 

[16] X. Li, J. Ma, H. He, Recent advances in catalytic decomposition of ozone, 
J. Environ. Sci. 94 (2020) 14–31. 

[17] K. Ikehata, M.G. El-Din, Degradation of recalcitrant surfactants in wastewater by 
ozonation and advanced oxidation processes: a review, Ozone: Sci. Eng. 26 (2004) 
327–343. 

[18] M.A. Oturan, J. Aaron, Advanced oxidation processes in water/wastewater 
treatment: principles and applications. A review, Crit. Rev. Environ. Sci. Technol. 
44 (2014) 2577–2641. 

[19] F. Bernat-Quesada, C. Valles-Garcia, E. Montero-Lanzuela, A. López-Francés, 
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