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A B S T R A C T

Metal-free heterogeneous ozonation catalysis is recognized as a promising technology for water decontamina
tion. Herein, we report the development of cyclodextrin (CD) derived graphitic (G) carbons through pyrolysis of 
α-, β- and γ-CDs under Ar atmosphere with fine-tuned activity as ozonation carbocatalysts for the degradation of 
oxalic acid in water. The G carbon obtained from α-CD showed the highest activity compared to its analogous 
solids under similar conditions. This solid was reused several times with a slight decrease in its activity, but after 
deactivation the performance of the fresh material can be restored in a large extent by a thermal pyrolysis 
treatment. Selective quenching experiments and electron spin resonance measurements with trapping agents 
revealed that O3 is transformed by interaction with G into 1O2 that becomes the active species. Experimental and 
computational evidence indicated that 1O2 reacts with the graphitic domains of Gs via endoperoxide interme
diate that is the responsible species for oxalic acid degradation. These novel findings underscore the unforeseen 
importance of carbocatalytic O3 transformation into 1O2 species that further react with graphitic domains of the 
carbocatalyst leading to the formation of endoperoxide intermediate that is a bis oxyl radical precursor 
responsible for oxalic acid degradation.

1. Introduction

Over the years, heterogeneous catalytic advanced oxidation pro
cesses (AOPs) based on transition metals have been one of the preferred 
technologies for water decontamination. [1–4] One of the main aims of 
these processes is the generation of reactive oxygen species (ROS) such 
as HO• or HOO• radicals from oxidants such as ozone (O3), [5–8] H2O2, 
[9] peroxymonosulfate, [3,10] and persulfate [3,11,12] among others, 
which are able to degrade or mineralize many organic contaminants. 
Among them, catalytic ozonation is considered as a cost-efficient tech
nology for pollutant degradation in water with potential implementa
tion at large scale. [5,13] In fact, O3 has been widely employed as 
oxidant or disinfectant in many large-scale drinking water treatment 
plants. [14] However, O3 alone is incapable of degrading/mineralizing 

electron-poor organic pollutants that are, however, degraded and 
mineralized in larger extent by catalytic ozonation processes. [5,6] 
Regardless of the important achievements made in the field of catalytic 
AOPs using O3 or other oxidants, some crucial aspects have limited their 
application. For example, some of the most active AOP catalysts or co- 
catalysts are based on critical and/or toxic transition metals such as 
cobalt. [7] Furthermore, long-term usage of metal-based heterogeneous 
catalysis under real conditions results in the occurrence of metal 
leaching from the solid catalyst to the aqueous media. Importantly, 
several studies have shown the possibility to replace transition metal- 
based advanced oxidation catalysts by carbon-based materials while 
achieving similar or even higher activities. [8,15–19] The list of 
carbonaceous materials includes activated carbon (AC), [9] graphite 
[20] or graphene-based materials, [21,22] carbon nanotubes, [23] and 
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nanodiamonds [24] among others. [15,19,25] It should be noted that 
the development of carbon-based materials derived from biomass re
sources as metal-free advanced oxidation catalysts for environmental 
remediation is a clear paradigm of sustainability. [26] For this purpose, 
biomass precursors like wood, pine needles, coconut shell, algae as well 
as monosaccharide like glucose or polysaccharide like starch have been 
employed. [27,28] Other studies have also shown development of 
graphitic carbon-based materials from cyclodextrins (CDs), cyclic olig
omers of glucopyranose obtained from enzymatic transformations of 
starch, with unique morphological and physico-chemical properties that 
can determine their catalytic properties. [29] Interestingly, pyrolysis of 
α-, β- and γ-CDs that contain six, seven and eight glucose monomers 
results in the formation of nanoporous graphitic carbons with regular 
channel sizes having the dimensions of 0.38, 0.54 and 0.67 nm, 
respectively. In one of the related examples, α-CD derived graphitic 
carbon exhibited the highest catalytic activity among the series of 
samples tested for the molecular O2 activation to oxidize benzylic 
alcohol. [29] It was proposed that the unique activity of graphitic carbon 
derived from α-CD is due to the tight fit of O2 within its channels that 
favors the thermocatalytic electron transfer from the graphitic carbon to 
O2 leading to the formation of O2

⋅- radical species. In contrast, the lower 
catalytic activity of the graphitic carbon derived from β-CD or γ-CD is 
due to the gradual decrease of O2 constrain with the graphitic carbon 
walls that make the formation of O2

⋅- radicals.
In the field of metal-free carbocatalytic ozonation for aqueous 

pollutant degradation, most of the studies have proposed that O3 is 
catalytically transformed into HO• or HOO• radicals that promote the 
degradation of contaminants via electron transfer processes. [19] Apart 
from these radical-based oxidations, some studies have reported that O3 
can be transformed into 1O2. [19] It is a relatively mild oxidant (E0(1O2/ 
O2

⋅-) = 0.81 V) compared to HO• (E0 = 2.81 V) or HOO• (E0 = 1.86 V) 
radicals. The implementation of 1O2 for practical applications in water 
decontamination is somehow limited to electron rich molecules via 
cycloaddition reactions to unsaturated organic compounds, activation of 
the allylic position or electron abstraction from electron-rich molecules. 
For these reasons, 1O2 is not commonly considered as ROS responsible 
for the total organic carbon mineralization in water. [19] Interestingly, 
carbon-based materials such as AC, [30] graphites, [31–33] graphenes 
[34,35] or sp2/sp3 nanodiamonds [36] or some biomass-derived carbons 
such as alginate [37] have been reported for the transformation of O3 
into 1O2. As commented earlier, 1O2 is unable to degrade organic con
taminants like oxalic acid in water under practical conditions for water 
treatment. In contrast, oxalic acid can be mineralized during the car
bocatalytic ozonation process. It is assumed that 1O2 should interact 
with carbon-based materials to form an intermediate, which is capable 
of degrading oxalic acid but, however, the nature of this intermediate is 
still to be revealed. Besides, the possibility of developing metal-free 
microporous graphitic carbons with regular pore sizes like those 
derived from CDs that can influence O3 activation towards ROS has not 
yet been addressed.

With these precedents in mind, we report herein the development of 
metal-free graphitic (G) carbon derived from α-, β- or γ-CDs as ozonation 
catalysts for oxalic acid degradation in water. One of the innovations of 
this study is to investigate the importance of pore size diameter of the 
different G materials on their activity for O3 activation towards the 
formation of ROS. The high reactivity of α-G derived from α-CD is due to 
its ability to react with O3 to generate catalytically active 1O2 which 
later interacts with α-G to promote oxalic acid mineralization. Experi
mental and computational evidence indicate the nature of the active 
sites on α-G and to support the role of 1O2 to form endoperoxide in
termediates on the carbon materials that promote catalytic reactions. 
This is the first study reporting the use of cyclodextrin-derived graphitic 
carbon for promoting 1O2-mediated ozonation in water for oxalic acid 
degradation. The main novelty of our study, respect to the existing 
precedents is to provide evidence showing that 1O2 generated from O3 
attacks the graphitic carbon forming endoperoxide-like intermediates 

that upon subsequent transformation can decompose oxalic acid. In that 
way, no direct contact between O3 and oxalic acid is necessary.

2. Experimental section

The complete list of materials, reagents and solvents (Section 1.1) 
employed in this work are given in the supporting information (SI) file. 
In addition, a detailed procedure for the preparation of graphitic carbons 
like α-G, β-G or γ-G from the precursors of α-CD, β-CD and γ-CD, 
respectively is provided in the SI file (Section 1.2). On the other hand, 
derivatization of α-G, β-G or γ-G procedure (Section 1.3) is also given in 
the SI file. A catalytic procedure for the ozonation reaction for the 
decomposition of oxalic acid in water is discussed in detail in Section 
1.4. Furthermore, Section 1.5 narrates the procedure for the regenera
tion of the partially deactivated α-G, β-G or γ-G solids. A list of charac
terization methods used in this work is provided in Section 1.6. In 
addition, the procedure followed to measure electron paramagnetic 
resonance (EPR) spectra with spin traps is described in Section 1.7. 
Photochemical 1O2 generation in the presence of α-G, β-G or γ-G solids is 
given in Section 1.8. Details of the theoretical calculations are provided 
in Section 1.9.

3. Results and discussion

3.1. G preparation and characterization

α-, β- and γ-G samples were obtained from the commercially avail
able α-, β- or γ-CDs as precursors, respectively by template-free pyrolysis 
under Ar atmosphere at 900 ◦C. The proposed pyrolysis mechanism 
leading from molecular CDs to the final microporous graphitic carbons 
goes through the melting of the solid CDs about 300–400 ◦C and as
sembly of the molecules with truncated cone shape in such a way that 
the smaller opening of one molecule assembles with the larger opening 
of the next one forming tubes that finally transforms at higher temper
ature into graphitic carbon by losing oxygen atoms almost completely. 
Considering that pyrolysis temperature is much higher than the melting 
point of the corresponding CD, the actual melting point value is not 
relevant, while the diameter of the final micropores is inherited from the 
dimensions of the CD precursor. Combustion elemental analyses 
revealed that carbon is the main element in α-, β- and γ-G solids with the 
values of 91, 90 and 87 %, respectively (Table S1). The presence of small 
percentage of nitrogen (< 0.23 wt%) is likely due to imperfect purifi
cation of CD after their enzymatic preparation [29]. In addition to the 
small fraction of hydrogen in all samples (0.5 wt%), the difference be
tween 100 and the sum of the C, N and H percentages is assigned to 
oxygen. In addition, sample characterization by X-ray photoelectron 
spectroscopy (XPS) analyses showed the presence of C 1 s (Fig. 1b) and O 
1 s (Fig. 1c). Additional details of XPS characterization for α-G, β-G and 
γ-G samples are shown in Figs. S1-S3 and Table S1). XPS region of C 1 s 
shows after deconvolution the presence of C––C sp2 (284.4 eV), C–O 
(285 eV), C––O (288 eV), COO (290) and π-π* transition of carbon in 
aromatic moieties (291.5 eV) (Panel b in Figs. S1-S3 and Table S1). [38] 
XPS data of O 1 s can be fitted to the presence of C––O (530 eV), -OH/-O- 
(532 eV) and COO (534 eV) (Fig. 1 a-b, panel c in Figs. S1-S3 and 
Table S1). [38] XPS data of O 1 s can be fitted to the presence of C––O 
(530 eV), -OH/-O- (532 eV) and COO (534 eV) (Fig. 1 a-b, panel c in 
Figs. S1-S3 and Table S1). [38] Raman spectra of the Gs show the 
presence of two main bands at about 1350 and 1514 cm− 1 characteristic 
of defective Gs and graphitic carbons, respectively (Fig. 1c, Fig. S4). [22] 
Specifically, in a carbon material the G band (1514 cm− 1) refers to ideal 
graphitic domains while the D band (1350 cm− 1) is related to the 
presence of structural defects like oxygen or nitrogen functional groups 
and carbon vacancies among other possibles. [19] In addition, the de
gree of graphitization of Gs can be determined by the ID/IG ratio from 
Raman spectra, the lower this ratio, the higher the graphitization de
gree. To put into context this ID/IG ratio, previous studies have reported 
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for synthetic nanographite and oxidized nanographite with HNO3 values 
of 0.55 and 1.19, respectively. [32] In the present case, the graphitiza
tion degree follows the order: α-G > β-G > γ-G, in where the estimated 
number of defects present in β -G and γ-G is about 30- and 140-times 
higher respect to α-G.

Powder X-ray Diffraction (XRD) of G solids are characterized by the 
presence of broad bands at about 25 and 42◦ associated with the 
graphitic domains (Fig. 1d). In addition to these bands, the presence of 
low angle bands associated to the regular channel porosity derived from 
the self-assembly of tronco-conical CD units forming tubes. [29] HR- 
SEM analyses show the presence of graphitic layers (Fig. 2). Further, 
HR-TEM analyses of the α-, β- and γ-G samples indicate the presence of 
channels with diameter dimensions of 0.625, 0.798 and 1.066 nm, 
respectively (Figs. 2 and S5). It should be noted that these CD diameters 
correlate with the sizes of α-, β- and γ-CD precursors formed by cyclo
oligomerization of 6, 7 and 8 glucopyranose units with dimensions of 
about 0.5, 0.6 and 0.8 nm, respectively [39,40]. Additional HR-TEM 
measurements at higher magnification allowed to determine interlayer 
distances of about 0.35 nm characteristic of graphitic carbon layers in a 
turbostratic carbon. Thus, it is proposed that during the heating process 
under Ar atmosphere, upon melting about 300 ◦C, molten CDs undergo 
supramolecular arrangements forming tubes that subsequently undergo 
graphitization at higher temperatures, rendering graphitic carbons with 
microporous channels of similar dimensions to those of the CD pre
cursors. [29] Isothermal N2 sorption measurements (Fig. S6) show a BET 
surface area of 482, 417 and 251 m2 g− 1 for α-G, β-G and γ-G solids, 
respectively. The isothermal gas sorption data corresponds to Type I 
type plots that also reveal the presence of microporous channels in the 
Gs.

3.2. Catalytic ozonation

Oxalic acid is a common probe molecule that has been often used to 
determine the relative activity of solid catalysts for ozonation. [19,32] 
Thus, the performance of α-, β- and γ-G as ozonation solid catalysts was 
investigated in the degradation of oxalic acid. The results obtained are 

presented in Fig. 3a. As can be seen, oxalic acid degradation does not 
occur in the absence of Gs, the adsorption of oxalic acid is <2 % using 
different Gs. In sharp contrast, the α-, β- and γ-G materials promote 
oxalic acid degradation, but the catalytic activity of these samples de
pends on the nature of precursor. Thus, the most active solid is α-G 
derived from α-CD. It is important to note that previous studies have 
proposed that the active sites are electron-rich sp2 carbon domains in 
graphitic carbon-based materials such as graphites, ACs or carbon 
nanotubes [18,19]. In this work, the degree of graphitization based on 
both the sp2 fraction determined by XPS and ID/IG ratio measured by 
Raman spectroscopy follows the order of α-G > β-G > γ-G. Furthermore, 
accessibility to the active sites is commonly related to the porosity of the 
samples, the higher the surface area and pore volume, the higher the 
accessibility of reagents to the active sites is [19]. From these grounds, it 
is likely to propose that the order of catalytic activity of Gs can be 
associated with the graphitization degree that is related to the presence 
of active sites and their porosity allowing reagent diffusion. In this way, 
the G sample with the highest graphitic character and surface area being 
the one with the highest activity, namely α-G. Besides, as will be shown 
later, mechanistic studies involving experimental and theoretical cal
culations indicate that the higher curvature of graphitic walls favors its 
reactivity with catalytic generation of 1O2 from O3 via endoperoxide 
intermediate formation and subsequent generation of bis oxyl radicals 
which are responsible for oxalic acid degradation. These findings agree 
with the observed order of reactivity and wall diameter of Gs for oxalic 
acid degradation, i.e. α-G with the smallest wall diameter exhibits the 
highest activity.

The influence of the initial pH in the reaction medium was studied 
for the degradation of oxalic acid with O3 as an oxidant by screening the 
pH values from 3 to 11 (Fig. 3b). It was observed that although the in
fluence was relatively minor at initial neutral or acid pH values, acid pH 
values increase the decomposition rate to some extent from pH 7 to 3, 
while a complete degradation of oxalic acid was achieved at pH 3. In 
these cases, initial pH values from 3, 5 and 7 decreased at the end of the 
reaction to 2.6, 4.5 and 6.3, respectively. In contrast, oxalic acid 
decomposition is disfavored by initial basic pH values, the slowest 

Fig. 1. a) XPS of C 1 s of α-G, β-G, γ-G, b) XPS of O 1 s of α-G, β-G, γ-G, c) Raman spectra of α-G, β-G, γ-G and d) powder XRD of α-G, β-G and γ-G solids.
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decomposition rate being measured at pH 11. Therefore, it is reasonable 
to propose that the highest activity observed at acidic pH values can be 
correlated with the higher concentration of O3 available in water that 
can be catalytically transformed into ROS (see Section 3.3) that are 
presumed to be the species that decomposes oxalic acid in water. To 
evaluate potential differences in reaction rates for oxalic acid degrada
tion as a function of the initial pH, the initial reaction rate (r0) was 
estimated from oxalic acid degradation data shown in Fig. 3a. In the case 
of catalytic experiments carried out at initial pH 9 and 11 the temporal 
profiles showed an induction period up to 60 min. For these tests, the r0 
values were estimated at 60 min. The r0 for oxalic acid degradation at 
pH 3, 5, 7, 9 and 11 were 0.026 mg L− 1 min− 1, 0.015 mg L− 1 min− 1, 
0.006 mg L− 1 min− 1, 0.0054 mg L− 1 min− 1 and 0.0033 mg L− 1 min− 1 

respectively. After correction for the induction period, the results indi
cate a linear decrease of the r0 as the pH increases. It should be noted 
that the order of catalytic activity as a function of pH agrees with the 
order of O3 stability in water, [5,31] the highest activity achieved at 
acidic pH values corresponding to the range of maximum O3 stability in 
water and vice versa. In our study, stationary O3 concentration in water 

upon its continuous supply (140 mg h− 1) to the ozonation system at pH 
values of 3, 5, 7, 9 and 11 was 12.48, 10.56, 8.16, 4.32 and 1.44 mg L− 1, 
respectively. Therefore, it is proposed that the highest activity observed 
at acidic pH values can be correlated with the higher concentration of O3 
available in water that can be catalytically transformed into ROS (see 
Section 3.3) that are presumed to be the species that decompose oxalic 
acid in water. In addition to these comments, it is important to highlight 
that α-G exhibits relatively broad range of activity as a function of the pH 
compared to previous analogous reports using AC, [30] graphitic car
bons [37] or hybrid sp2/sp3 nanohybrids [36] with activities restricted 
to pH values below 5. The relatively good performance of α-G in a broad 
range of pH could be attributed to the effect of porosity that adsorbs O3 
within the channels in a close proximity to the active sites to produce 
ROS, as it will be discussed in latter sections describing the results of 
EPR, selective quenching experiments and computational results.

Heterogeneity and catalyst stability are two most important issues in 
heterogeneous catalysis. The fact that the reaction occurs due to the 
solid catalyst and not due to any possible species that become dissolved 
in the solution was confirmed by performing an analogous experiment 

Fig. 2. HR-TEM images of α-G (a, b), β-G (d, e), γ-G (g, h) and HR-SEM images of α-G (c), β-G (f) and γ-G (i) solids.
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under typical reaction conditions in which the solid was filtered once a 
certain conversion has been achieved. After removal of the solid, the 
reaction was allowed to continue in its absence. In the present case, 
Fig. 3c shows that the solid is filtered at about 35 % oxalic acid con
version and the solution without catalyst shows no further degradation. 
This confirms that the reaction is taking place exclusively by the pres
ence of α-G as the solid catalyst, providing firm evidence for the het
erogeneity of the process.

To assess the catalyst stability, a series of consecutive reuses were 
performed using α-G as a catalyst. The results are presented in Fig. 3d. A 
certain deactivation was observed from the first to the second run, that 
was particularly evident by the longer reaction required for complete 
degradation of oxalic acid. This deactivation of α-G was more clearly 
evidenced in the 3rd use, for which only 50 % of oxalic acid disappear
ance was achieved at final reaction time compared to the first use. 
Considering that the catalyst was used in three consecutive runs, 

Fig. 3. a) Metal-free catalytic ozonation of oxalic acid in water at pH 3. Legend: O3 (◆), α-G (■), β-G (▴) and γ-G (●); b) Carbocatalytic ozonation of oxalic acid at 
different initial pH values at pH 3 (■), pH 5 (☐), pH 7 (▴), pH 9 (△), pH 11(◆) using α-G; c) Hot-filtration test with α-G (■) and upon removal of α-G after 25 min 
(☐) and d) reusability and regeneration of α-G. Reaction conditions: Oxalic acid (50 mg L− 1), carbocatalyst (100 mg L− 1), temperature 20 ◦C, O3 inlet to the glass 
reactor (140 mg h− 1).

Fig. 4. a) Powder XRD of α-G, α-G-3U, α-G-3U-REG, b) Raman spectra of α-G, α-G-3U, α-G-3U-REG and c) TGA of α-G, α-G-3U and α-G-3U-REG.

A. López-Francés et al.                                                                                                                                                                                                                         Chemical Engineering Journal 522 (2025) 166971 

5 



decomposing oxalic acid (50 mg L− 1) in certain proportions according to 
the reuse employing α-G at 100 mg L− 1, the minimum specific activity of 
the material is 1.44 mM/gα-G.

To understand the origin of partial deactivation of α-G sample upon 
reuses, the recovered solid after 3rd use (α-G-3U) was characterized and 
compared to the pristine α-G material. Although powder XRD showed 
minor changes (Fig. 4a), Raman spectroscopy (Figs. 4b, S7) revealed a 
relative increase in the density of defects in the graphitic structure by 
increasing ID/IG value from 1.45 to 1.85 for the fresh α-G and α -G-3U 
sample, respectively. [22] Also, XPS data show a decrease in the pro
portion of graphitic sp2 C from 60 to 34 % for the α-G and α-G-3U 
accompanied by an increase of oxygen-functional groups such as 
alcohol, ketone and carboxylates in O 1 s XPS region, again indicating 
that the O3 treatment partially oxidizes the graphitic material (Figs. S8 
and S9 and Table S2). In fact, HR-TEM analyses of α-G-3U allowed 
determining the presence of interplanar distances of about 0.385 and 
0.219 nm characteristic of sp2 C–C in graphitic domains accompanied 
by sp3 C–C, respectively. Furthermore, α-G-3U showed lower thermal 
stability than pristine α-G associated with a higher population of un
stable oxygen-functional groups of the former (Fig. S10 and S11). The 
information from the series of characterization techniques suggests that 
these defects could be related to the introduction of oxygenated groups 
on the graphitic structure of α-G-3U. If this hypothesis is valid, pyrolysis 
of α-G-3U under Ar at high temperatures (i.e. 900 ◦C) could decompose 
oxygen functional groups into CO2, CO and H2O producing some degree 
of regraphitization [32,41]. Hence, α-G-3U sample was submitted to 
pyrolysis treatment with the aim to remove these oxygen atoms (α-G-3U- 
REG). Interestingly, α-G-3U-REG has recovered the initial graphitization 
degree as of α-G to a larger extent as evidenced by Raman spectra 
(Fig. 4b and Fig. S7), XPS (Figs. S8, S9 and Table S2), thermogravimetric 
analysis (TGA) (Fig. 4c) and HR-TEM (Figs. S10 and S11) techniques. 
Furthermore, α-G-3U-REG exhibited an identical temporal profile for 
oxalic acid degradation as that of the fresh α-G, indicating that the 
deactivated sample can be regenerated by removing oxygenated func
tional groups. Regardless of these comments, for practical applications it 
would be convenient to regenerate the carbocatalyst under milder 
conditions. In this context, previous studies have reported the possibility 
of biomass carbonization using hydrothermal carbonization processes 
that commonly operate at temperatures ranging from 180 to 240 ◦C and 
these methodologies might be also suitable for α-G-3U regeneration. 
[42]

Additionally, a productivity test (Fig. S12) in where large amounts of 
oxalic acid (1 g L− 1) was used in the presence of α-G (100 mg L− 1) as a 
catalyst showing a full degradation of oxalic acid after 40 h. A similar 
experiment with the reduced loading of α-G (50 mg L− 1) also degraded 
oxalic acid after 80 h, meaning that α-G can perform more than 200 
mmoloxalic molecules gcatalyst

− 1 turnovers.
The catalytic activity achieved using α-G was compared with previ

ous analogous carbocatalysts for oxalic acid ozonation degradation in 
water (Table S3). Recently, an activated biochar derived from pine 
needle waste biomass as ozonation catalyst (50 mg L− 1) was able to 
degrade oxalic acid (1 g L− 1) at pH 3 and 140 mg h− 1 O3 in about 255 h 
[43], 3.2 more time than required using α-G. In other study, the use of a 
defective structured graphitic carbon synthesized from alginate as 
biomass source used as ozonation catalyst (50 mg L− 1) for oxalic acid 
degradation (1 g L− 1) at pH 3 and a O3 flow 140 mg h− 1, required 2.8- 
fold more time than in the case of α-G. [37] In other study, a regenerated 
field-spent granular AC was able to degrade oxalic acid (1 g L− 1) under 
similar reaction conditions (pH 3, 140 mg h− 1 O3) in about 57 h but 
using four times larger catalyst amount (200 mg L− 1) than α-G. [30] 
These experiments indicate the superiority and long-term stability of α-G 
as a biomass-based carbocatalyst for the degradation of oxalic acid, an 
activity that according to the pH influence can be attributed to the effect 
of microporosity. Regardless of these comments, there is still much room 
for improvement of the carbocatalytic activity of biomass-derived ma
terials to achieve activity of a non-biomass synthetic nanographite 

ozonation catalyst (50 mg L− 1) able to degrade oxalic acid (1 g L− 1) in 
water at pH 3 in about 11 h. [32]

3.3. Nature of ROS and active sites on α-G

3.3.1. ROS generation
Previous related studies have proposed that the ability of graphitic 

carbon-based materials for O3 decomposition can be correlated with the 
generation of ROS and, therefore, with the order of catalytic activity 
during pollutant degradation. [44] Fig. S13 shows that Gs have a similar 
ability for O3 decomposition, α-G being slightly more active followed by 
β-G and γ-G. Interestingly, this order is similar for the catalytic oxalic 
acid decomposition (Fig. 3a). As will be shown below, the order of O3 
decomposition by Gs correlates with the measured order of EPR spectra 
intensities with 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5- 
dimethyl-1-pyrroline-N-oxide (DMPO) as spin traps.

To get information about the role of α-G as carbocatalyst and, 
particularly, how O3 reacts with G, a control experiment was carried out. 
Specifically, α-G was exposed to O3 for 1 h. Then, the ozonator was 
disconnected and only air was introduced in the system to guarantee 
carbocatalyst suspension in water. Immediately, oxalic acid dissolved in 
water (1 mL) was introduced to the reactor to achieve a concentration of 
25 mg L− 1. In this way, if some active sites are created on the surface of 
the α-G acting as stoichiometric sites for oxalic acid degradation, a sig
nificant decrease in oxalic acid concentration should be observed. Pre
vious studies have shown that removal of oxalic acid catalyzed by AC 
requires about 0.42 to 0.77 mol of O3 per mol of oxalic acid degraded. 
[45] However, it should be noted that oxalic acid degradation does not 
occur in the presence of O3 and absence of carbocatalyst under the 
studied reaction conditions (Fig. 3a). The temporal profile for the 
degradation of oxalic acid in the presence of previously ozonated α-G 
and in the absence of additional O3 supply is shown in Fig. 5a. The 
temporal profile for the degradation of oxalic acid is shown in Fig. 5a. As 
can be seen, the oxalic acid concentration decreases by half after 40 min 
and then remains constant from 40 to 100 min. This behavior suggests 
the generation of a certain population of active sites on the surface of α-G 
upon O3 treatment for 1 h that subsequently can promote oxalic 
degradation. In other words, the sites generated in α-G by reaction with 
O3 can promote oxalic acid degradation on their own without the need 
for additional O3. Once the active sites on the α-G surface are depleted, 
no further oxalic acid degradation occurs. This observation is compat
ible with an increase in the population of oxygen functional groups, such 
as carbonyl, alcohol and ether, observed in the α-G-3U sample as pre
viously commented (Fig. S8 and Table S2). It should be commented that 
the possibility that O3 becomes adsorbed on α-G without reacting with 
its graphitic structure, although less likely due to the low O3 concen
tration in water and the O3 tendency to decompose, cannot be rigorously 
ruled out. Furthermore, additional support to surface modification of 
α-G by O3 was obtained by Raman spectroscopy. Fig. 5b shows that the 
Raman analysis of O3-treated α-G exhibits an increase in the ID/IG ratio 
(2.12) compared to the fresh sample (ID/IG = 1.45; Fig. 1a), indicating 
the generation of structural defects in the O3-treated α-G.

After having confirmed that oxalic acid degradation is caused by 
some oxygenated species formed on the surface of α-G, it was of interest 
to determine whether O3 was the only ROS responsible for the activation 
of α-G or whether α-G was also undergoing transformation by other O3 
derived species. For this purpose, initially a series of catalytic quenching 
experiments using inorganic anions were performed. It was observed 
that inorganic ions such as HCO3

− , [46,47] or H2PO4
− , [48] which are 

typical quenchers of HO• radicals, [46–48] did not interfere with the 
catalytic O3 degradation of oxalic acid at pH 7 by α-G (Fig. S14a). 
Similarly, the presence of Cl− anions do not inhibit catalytic oxalic acid 
degradation at pH 3 and 7 [47], thus providing another indirect probe of 
the absence of HO• radicals in our system (Fig. S14a, b). This conclusion 
was also confirmed by the lack of influence of organic quenchers of HO•

radicals like dimethyl sulfoxide (DMSO), methanol or t-butanol during 
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catalytic ozonation of oxalic acid (Fig. 6a). To get more evidence about 
the nature of ROS, the so-called quenching method was used. It is 
important to highlight that regardless of the widely used quenching 
method for years to verify the presence of ROS, some relative recent 
studies have raised concerns about the reliability of these methods. 
[8,49] It is proposed that the high concentration of quenchers employed 
results not only in quenching of target ROS but also can provoke changes 
in the reaction mechanism. Specifically, the validity of the quenching 
method assumes that the added quencher inhibits only the target ROS 
without affecting the reactions of O3, other ROS and without altering the 
elemental steps of the reaction mechanism either in solution or surface- 
mediated. This assumption has been recently questioned, and it is under 
debate. In this work, the lack of influence of organic quenchers of HO•

radicals, like DMSO, methanol or t-butanol. During catalytic ozonation 
of oxalic acid (Fig. 6a) seems also to indicate the absence of these rad
icals in our catalytic system. Regarding the role of t-butanol as HO•

quencher, previous studies have reported that this molecule can trap 
these radicals in solution but not in carbon surface, therefore, it is not an 
appropriate quencher to rule out the possibility of hydroxyl-surface 
mediated reactions for pollutant degradation. [50–52] Similarly, no 
effect was observed with the presence of p-benzoquinone as O2

⋅-/HOO•

quencher on the catalytic oxalic acid degradation by α-G, thus sug
gesting the involvement of these radicals in the process. A more reliable 
technique to identify the formation of ROS is EPR spectroscopy in the 
presence of spin traps. [8] In this study, EPR spectroscopy measurements 
using DMPO as spin trap only revealed the formation of DMPOX species 
with a characteristic five line spectrum having the hyperfine coupling 
constants of AN/G = 7.3 and AH/G = 4.02 (Fig. S15a,b). [53] Although 

DMPOX can be formed either by O3 or several ROS such as HO•, O2
⋅-/HOO•

or 1O2, it should be noted that the observed intensity of DMPOX signal 
(Fig. S15a) for the three G materials agrees with the order of the 
observed catalytic activity α-G > β-G > γ-G (Fig. 3a). The use of N-tert- 
butyl-α-phenylnitrone (PBN) as spin trap did not show the formation of 
any radical adduct (Fig. S15c). In addition, selective quenching experi
ments with NaN3 and furfuryl alcohol for 1O2 showed a significant 
decrease of oxalic acid degradation (Fig. 6a), suggesting the formation of 
1O2 from O3. The fact that neither NaN3 nor furfuryl alcohol carboca
talytic oxalic acid decomposition in the presence of α-G.

Accordingly, it is proposed that O3 and 1O2 are the two active oxygen 
species involved during carbocatalytic oxalic acid decomposition in the 
presence of α-G. Previous studies have proposed that graphitic carbon 
with delocalized π electrons that can favor carbon surface-O3 complex
ing structures can drive organic oxidation by intramolecular electron 
processes. [19] Other reports have proposed O3 decomposition within 
electron rich sp2 aromatic carbons leading to the formation of surface- 
adsorbed atomic oxygen with high oxidation potential (2.43 V) and 
capable to oxidize organic compounds. [19]

The involvement of 1O2 in oxalic acid degradation was recently re
ported by some of us in the presence of carbon-based catalysts with 
graphitic domains [30,32,37] although the reasons behind the reaction 
pathway are still unclear. As it will be shown later, oxalic acid can be 
degraded in the presence of α-G and 1O2 via endoperoxide intermediate 
with formation of oxidant oxyl radicals and surface-mediated oxalic 
degradation. Related with carbocatalytic ozonations for pollutant 
degradation via surface-mediated mechanisms, a recent study has re
ported a quantification of the contribution of heterogeneous surface 

Fig. 5. a) Temporal profile of oxalic acid degradation by O3-treated α-G for 1 h in water without additional supply of O3; b) Raman spectra of O3-treated α-G for 1 h. 
Reaction conditions: Oxalic acid (25 mg L− 1), α-G treated with O3 (100 mg L− 1), pH 3, temperature 20 ◦C, O3 inlet to the glass reactor (140 mg h− 1) only in the first 
step to react with α-G.

Fig. 6. (a) Carbocatalytic ozonation of oxalic acid at pH 3 using α-G as carbocatalyst in the absence (■) or in the presence of DMSO (●), t-butanol (▴), methanol (⋄), 
p-benzoquinone (○), NaN3 (□) and furfuryl alcohol (△). Reaction conditions: Oxalic acid (50 mg L− 1), α-G (100 mg L− 1), temperature 20 ◦C, O3 inlet to the glass 
reactor (140 mg h− 1). (b) Metal-free catalytic degradation of oxalic acid in water at pH 3 using α-G as carbocatalyst and Rose Bengal (50 mg L− 1). Legend: irradiating 
with absence of both Rose Bengal and catalyst (□), irradiating with Rose Bengal (○), irradiating for 30 min Rose Bengal and α-G without oxalic acid, after 30 min 
irradiation stops and oxalic acid is added (●), irradiating with Rose Bengal and α-G (■) and irradiating with Rose Bengal, α-G and adding furfuryl alcohol (△). 
Reaction conditions: Oxalic acid (20 mg L− 1), α-G (100 mg L− 1), temperature 20 ◦C.
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processes to pollutant abatement during heterogeneous catalytic ozon
ation. [54] The characterized ROS involve O3, HO• and O2

⋅-. It was 
concluded that pollutants with low affinity for reduced graphene oxide 
surface were mainly degraded via bulk reactions and negligible contri
bution of heterogeneous surface-mediated degradation. For those cases 
that pollutants have good affinity for carbocatalyst surface, heteroge
neous surface processes become important and even dominate their 
degradation. These results highlight the complexity of carbocatalytic 
ozonation of pollutants and the formation of various ROS with different 
oxidation capabilities that could be beneficial for pollutant degradation 
in real water matrices.

To provide additional experimental support for the generation of 1O2 
from O3, EPR measurements using TEMP as a selective 1O2 spin trapping 
agent were conducted with α-G as a catalyst. In agreement with the 
previous findings, the characteristic three equally intense peaks corre
sponding to TEMPO radical were observed. Fig. S15d,e shows the EPR 
spectrum of TEMPO recorded with the TEMP trapping experiment from 
O3, compared with the simulated EPR spectrum of TEMPO with hy
perfine coupling constant of AN/G = 17.3 (Fig. S15e). [55] In summary, 
EPR and selective quenching experiments using NaN3 and furfuryl 
alcohol confirm the catalytic generation of 1O2 as ROS involved in oxalic 
acid degradation.

Oxalic acid degradation by catalytic ozonation is generally assumed 
as being specific of HO• as a key reactive oxygen intermediate. [19] 
Accordingly, the role of the catalyst is typically assumed to be the 
generation of HO• radicals, most commonly through electron transfer- 
proton coupled O3 decomposition processes. This is not the case using 
α-G as a carbocatalyst. On one hand, the active oxygen center is 
anchored on the carbon surface. On the other hand, these oxygen sites 
are generated, at least in part through 1O2. The present findings open 
therefore new views and possibilities on O3 activation by a carbocata
lyst. To obtain solid support for the role of O3-derived 1O2 in the 
degradation of oxalic acid, a series of experiments was carried out using 
typical 1O2 generators as Rose Bengal photosensitizer. As can be seen in 
Fig. 6b, aerated Rose Bengal irradiation with simulated sunlight irra
diation does not decompose of oxalic acid. When irradiation with visible 
light was performed using Rose Bengal as photosensitizer, degradation 

of oxalic acid degradation was observed after 2 h. In contrast, an irra
diation with visible light in the presence of Rose Bengal as 1O2 generator 
and α-G as catalyst resulted in a gradual decomposition of oxalic acid 
reaching 50 % after 2 h. Furthermore, if Rose Bengal and α-G are irra
diated with visible light for 30 min in the absence of oxalic acid and 
then, oxalic acid is added while the system is kept in the dark, 20 % 
oxalic acid degradation was achieved. These experiments confirm that 
1O2 generated by irradiation of Rose Bengal can modify α-G, generating 
oxygenated surface groups that subsequently decompose oxalic acid.

3.3.2. Selective masking of oxygen functional groups in α-G
In order to gain information on the nature of the active sites in α-G 

that could be involved in the catalytic oxalic acid decomposition by α-G 
and considering that oxygenated groups present in carbonaceous ma
terials have been proposed to be responsible for their catalytic activity in 
many cases, a series of control catalysts was prepared by selectively 
masking various possible oxygenated functional groups on α-G [56]. 
Scheme 1 illustrates the masked functional group, the reagent in the 
transformation and the simplified structure of the derivatized functional 
groups. Following the previous reports for the selective functional group 
masking in graphitic materials [57], phenylhydrazine, benzoyl chloride 
and phenacyl bromide were used to specifically mask C––O, C-OH and C- 
OOH groups, respectively, on α-G.

The derivatization of α-G was confirmed by XPS analyses (Figs. S16- 
S18 and Table S4). As expected, based on the prior literature data [57], 
XPS analysis confirmed the presence of nitrogen in α-G-CO, that appears 
as a single component peak in N 1 s with a binding energy of 400.6 eV. 
The masking of hydroxyl group in α-G with benzoyl chloride (α-G-COH) 
shows an increase of C 1 s components appearing at 288.4 and 288.65 eV 
corresponding to aromatic and carboxylic ester carbon, respectively. In 
addition, O 1 s XPS shows also an increase of carboxylic ester oxygen at 
534 eV. Similarly, masking of the carboxylic acid groups by phenacyl 
bromide (α-G-COOH) increases the proportion of surface carbonyl oxy
gens at 534 eV and the corresponding carbon component at 288 eV, in 
accordance with the structure of the derivative. Overall, these XPS an
alyses support the functionalization of the corresponding oxygenated 
groups present in α-G.

Scheme 1. Selective masking of oxygenated functional groups in α-G sample by selective derivatization of carbonyl, hydroxyl and carboxylic acid groups.
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The temporal profile of oxalic acid degradation by O3 of these three 
α-G derivatives is very similar to the kinetics of the α-G sample 
(Fig. S19). These results, therefore, unambitiously indicate that none of 
these oxygen functional groups are involved as active sites during the 
catalytic ozonation. Thus, it is proposed that it is the graphene C––C 
bonds the most likely active site in ozonation catalysis. This proposal is 
supported by the behavior of organic compounds as described in the 
sequel (Section 3.3.3). It should be noted that O3 decomposition by 
functionalized α-G is practically similar as observed for pristine α-G, thus 
indicating that these derivatizations do not have a significant impact on 
O3 consumption (Fig. S20).

3.3.3. Organocatalytic model compounds
Based on the previous results as well as the chemical knowledge on 

the reactivity of 1O2 with heterocycles and polycyclic aromatic com
pounds [58,59], we wanted to explore the catalytic activity of organic 
molecules that could have the same or similar structure as the ozonation 
active sites on α-G. Thus, a series of water-soluble organic molecules 
were selected, including tetrahydrofuran, furan and two anthracene 
derivatives namely 3,3′-(anthracene-9,10-diyl)dipropanoic acid and 2- 
aminoanthracene. While tetrahydrofuran practically does not promote 
organocatalytic oxalic acid ozonation (Fig. 7a), the other three organic 
molecules tested exhibit an obvious catalytic activity for oxalic acid 
decomposition. As shown in Fig. 7b, oxalic acid decomposition 
increased as the concentration of furan increased under the same con
ditions, i.e. an increase in the number of molecules present corresponds 
to a linear increase in the number of active sites, as can be seen in 
Fig. S21a. Similarly, the degree of oxalic acid degradation was increased 
as the concentration of 3,3′-(anthracene-9,10-diyl)dipropanoic acid 
increased in the presence of O3 (Fig. 7c) (Fig. S21b). Although the water 
solubility of 2-aminoanthracene was limited to about 10 mM, oxalic acid 
degradation by O3 also occurred with this compound (Fig. 7d) with an 
initial rate dependent on the concentration of 2-aminoanthracene 
(Fig. S21c).

Furthermore, an experiment in which 3,3′-(anthracene-9,10-diyl) 
dipropanoic acid was first treated with O3 for 30 min in the absence of 
oxalic acid and then oxalic acid was added after 5 min results in 9 % 

oxalic acid degradation, indicating that the endoperoxide groups formed 
(see below) in the anthracene moiety are responsible for promoting 
oxalic acid degradation. The reaction of 3,3′-(anthracene-9,10-diyl) 
dipropanoic acid with O3 was followed by UV–vis absorption spectros
copy. The disappearance of the characteristic absorption bands corre
sponding to the anthracene ring from about 350 to 425 nm was observed 
in UV–vis spectroscopy, indicating the formation of the oxygenated 
derivative disrupting the aromatic conjugation (Fig. S22) in good 
agreement with previous analogous reports. [60]

Therefore, based on the previous study on the role of 1O2, the known 
reactivity of 1O2 of furan, anthracene derivatives and the spectroscopic 
data obtained, a plausible reaction pathway for oxyl radical formation 
by O3 in the case of anthracene-based organocatalyst is proposed in 
Scheme 2. As can be seen in this proposal, the first reaction occurs be
tween O3/1O2 with the organocatalyst resulting in the formation of 
stable endoperoxide which decomposes forming oxyl radicals. These 
oxyl radicals in water should be the active species responsible for the 
decomposition of oxalic acid. An analogous mechanism, but involving 
aromatic domains in G with formation of endoperoxides and peroxyl 
radicals, could also take place in G and cause oxalic acid decomposition.

This proposal is compatible with the observed increase in oxygen 
content of G during ozonation and the gradual deactivation of the ma
terial with increasing oxygen content, probably by depletion of the 
structural aromatic domains that react with 1O2. Thermal treatment to 
remove H2O, CO and CO2 and rearomatization should restore catalytic 
activity.

3.3.4. Endoperoxide intermediate characterization on α-G
To gain evidence about endoperoxide on carbocatalyst surface, α-G 

was ozonated in water over time and sample suspensions analyzed by 
Raman and ATR FT-IR spectroscopies. Previous studies have reported 
that organic peroxide characterization by FT-IR spectroscopy results in 
week bands due to O–O stretching vibration which are relatively more 
intense in the case of Raman spectroscopy ranging from about 650 to 
950 cm− 1 depending on the type of peroxide. [61,62] Regardless of 
these comments, ATR FT-IR spectra (Fig. S23a,b) of ozonated α-G 
samples in water do not reveal the presence of new bands that could be 

Fig. 7. Catalytic oxalic acid degradation by O3 at pH 3 using a) tetrahydrofuran at 7.35 mM (■), b) furan at 7.35 mM (■), 2.94 mM (□) and 0.735 mM, c) 3,3′- 
(anthracene-9,10-diyl)dipropanoic acid at 7.35 mM (■), 2.94 mM (□) and 0.735 mM (●), and d) 2-aminoanthracene at 2.6 mM (■), 4.6 mM (□) and 6.7 mM (●). 
Reaction conditions: Oxalic acid (12.5 mg L− 1), pH 3, temperature 20 ◦C, O3 inlet to the glass reactor (140 mg h− 1).
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associated with the presence of endoperoxides. These facts might be due 
to the well-known unstable character of most organic peroxides [62] 
and, therefore, their decomposition during the required time to collect 
the sample and perform the FT-IR measurements (~ 2 min). Attempts to 
characterize the sample suspensions by Raman spectroscopy did not 
allow us to focus on the solid sample and record the spectrum. Attempts 
to dry the sample in a hot plate at 50 ◦C resulted in the absence of new 
Raman bands again associated with possible endoperoxide decomposi
tion (Fig. S23 c,d).

3.4. Theoretical calculations

To lend some support to the experimental evidence about the for
mation of endoperoxides on the G, as precursor of peroxyl radical 
resulting in oxalic acid decomposition, computational calculations on 
graphitic carbon models were performed. Specifically, density func
tional theory (DFT) calculations were carried out to understand how the 
structural and steric features of α-G material modulate the reversible 
oxygen storage and subsequent activation for catalytic purposes. Pre
vious experimental and theoretical related studies have reported the 
formation of aromatic endoperoxides within aromatic graphitic domains 
[63]. With these precedents, the formation of aromatic endoperoxide 
products by [4 + 2] cycloaddition of 1O2 to different aromatic com
pounds [benzene (1), naphthalene (2), anthracene (3), phenanthrene (4) 
and pyrene (5)] was studied. The adsorption of 1O2 on the top of these 
aromatic rings is favorable in all cases ranging from − 3.8 (6) to − 7.7 (3) 
kcal mol− 1. The obtained results indicate that additional fused rings 
decreased the activation barrier (ΔG, kcal mol− 1) in comparison to 
benzene as well as favouring the formation of the endoperoxides 
(Fig. 8a). However, this trend significantly changes for phenanthrene 
and pyrene. In those cases, the activation barriers are higher and the 
obtained endoperoxides are not thermodynamically favoured [ΔGproduct 
= 1.4 (4) and 15.0 (5)]. Upon formation of these endoperoxides, they 
may follow two different dissociation pathways depending on the re
action conditions: (a) cycloreversion and (b) cleavage yielding more 
reactive bis oxyl radicals. Fig. 8a also shows the structure of a transition 
state in agreement to previous outcomes. In the transition state (TS) 
structures, the O––O length in its singlet state (RO=O = 1.19 Å) is 
increased up to 1.26–1.30 Å at PBE0-D3/def2-TZVP level. Like other 
cycloaddition reactions, [64,65] our activation barriers (ΔE‡) are 
dissected into distortion (ΔEd‡) and interaction (ΔEi‡) energies. To 
consider the steric strain of this cycloaddition, ΔEd‡ was selected since 
accounts for geometric and electronic changes to deform reactants into 
the transition state geometries. In particular, the electron reorganization 
(λ, also called π-relocalization energy) may correlate with the reactivity 
of these aromatic compounds, this term being also included within the 
distortion energies. However, our DFT calculations suggest different 
points: (i) ΔEd‡ considering exclusively the distortion of the aromatic 
ring controls the calculated ΔG‡ (R2 = 0.927); (ii) Electron reorganiza
tion does not properly account the observed trend for ΔG‡ or ΔGrxn. In 
that case, benzene and pyrene failed in the correlation.

DFT calculations were also performed to predict the capability of 
anthracene endoperoxide model compound to form bis oxyl radicals and 
their ability to degrade oxalic acid (Fig. S24). The calculated energy 
barrier for the formation of oxyl biradicals from anthracene endoper
oxide is 22.5 kcal mol− 1, which agrees with our experimental results, as 
this barrier can be overcome at our working temperature. In this profile, 
we considered both singlet and triplet states based on previous studies. 
[66] The calculated O–O bond dissociation energy and oxyl radical 
formation via thermolysis energy is 21.5 kcal mol− 1, which is consistent 
with common endoperoxide values reported in the literature. [58] 
Subsequently, these oxyl radicals can rearrange to yield a bis epoxide 

a) b) c)

Scheme 2. Generation of bis oxyl radicals by 1O2 formed from O3 on a) 3,3′-(anthracene-9,10-diyl)dipropanoic acid as a model organocatalyst, b) 3,3′-(anthracene- 
9,10-diyl) endoperoxide dipropanoic acid and c) 3,3′-(anthracene-9,10-diyl) bis oxyl dipropanoic acid.

Fig. 8. a) Reaction coordinate for the [4 + 2] cycloaddition to benzene (1, in 
red), naphthalene (2, in blue) and anthracene (3, in green); b) Plot of PBE0-D3/ 
def2-TZVP distortion energies versus free energy of the activation barriers. The 
electron reorganization energies (in kcal mol− 1) are shown in parenthesis. 
Distances are given in Å.
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and its isomerized form. Both species are more stable (− 40.8 and − 42.7 
kcal mol− 1, respectively) than the oxyl biradical.

To evaluate the ability anthracene endoperoxide model to oxidize 
oxalic acid under these conditions, we identified as most plausible 
oxidation site in the α-G model a ketone / hydroxy pair as a represen
tative structure to oxidize oxalic acid (at pH = 3). Then, we predicted the 
reduction potential of our anthracene endoperoxide system (E0 versus 
SHE = − 0.45 V). Based on these species, oxyl biradicals can be reduced 
by oxalic acid [E0(CO2/H2C2O4) = − 0.475 V versus SHE] as illustrated 
in Fig. S24. [67]

These considerations were employed as initial findings to understand 
the formation of endoperoxides in tube models of G microporous 
channels. It should be noted that channel structure in G materials is 
shown in Fig. 9 and these data are provided from the previous HR-TEM 
(Figs. 2 and S5) and isothermal N2 sorption measurements (Fig. S6). Two 
feasible adsorption modes were considered as well as three pore sizes 
(0.36, 0.48 and 0.57 nm) (Fig. 9a). Firstly, the adsorption is not possible 
for the material with smaller pore size (0.36 nm) whereas on the surface 
the adsorption energy was − 8.4 kcal mol− 1. For a higher pore size (0.48 
nm), an ΔEads of 29.5 kcal mol− 1 inside the tube shows that this process 
is not favoured (Fig. 9b). On the contrary, the adsorption of 1O2 on the 
surface proved to be feasible (ΔEads = − 7.5 kcal mol− 1). Increasing the 
pore size has a dramatic impact on the adsorption inside the carbon 
tube. For a pore size of 0.57 nm, the calculated ΔEads indicates that 
under these conditions both adsorption modes are equally favoured 
(− 9.5 and − 8.4 for the surface and inside the tube, respectively).

After adsorption, both pore sizes (0.48 and 0.57 nm) exhibit endo
thermic endoperoxide adducts with ΔE values of 10.6 and 16.6 kcal 
mol− 1 thus suggesting that this process is not favorable at least at room 
temperature. These adducts display a O–O bond length larger than 1O2 
(ΔRO-O = 0.29 Å) thus indicating that these species are activated for 
catalytic purposes. Another situation was found for the model of the 
smallest pore size (0.36 nm). This system is extremely constrained and 
ends up relaxed upon endoperoxide formation (ΔE = − 13.7 kcal mol− 1). 
Thus, these calculations indicate that endoperoxide formation should be 
favoured for G materials with smaller pore size, such as α-G.

It is known that curvature of these kinds of systems affects the 
chemical reactivity. Different parameters have been described to ac
count this relationship, for example, the pyramidalization angle (θp) 
[66,67]. From this parameter, θp = 0◦ corresponds to a planar system 
(sp2-hybridized carbon atom) whereas θp = 19.5◦ for a sp3-hybridized 
atom. For this angle, large values correlate with higher reactivity. In our 
model, we have applied an estimation from the ΔEd

‡ obtained for small 
aromatic rings. Curved π-extended carbon tubes are structurally strained 
thus minimizing the distortion penalty of activation barriers. Therefore, 
both endoperoxide and di oxyl formation should be favorable in the 
convex face of the tube or channels, while 1O2 activation inside the 
carbon species should be unfavorable due to large ΔEd

‡ values.
As indicated by theoretical modelling, pore size influences in two 

different ways. When the pore size is smaller than the kinetic diameter of 
O3 and 1O2 the reaction occurs on the external surface since the internal 
diffusion does not occur. In addition, due to the smaller diameter of the 
curvature of the graphitic walls is larger, and this geometrical strain 
favors the reactivity with 1O2 and formation of the endoperoxide. In 
other words, curved surfaces are more reactive than when the surface is 
flat. Overall, experimental and theoretical evidence confirm the feasi
bility of as-prepared α-, β- and γ-Gs derived carbons efficiently promote 
1O2 activation through endoperoxide dependent on the pore 
dimensions.

4. Conclusions

This work has demonstrated the activity of cyclodextrin-derived 
graphitic carbons as metal-free ozonation catalysts for oxalic acid 
degradation in water. The observed order of activity was α-G followed 
by β-G and γ-G. The activity of α-G corresponds to the material with less 
defective graphitic structure and the highest surface area that corre
sponds to extended aromatic electron rich domains as evidenced by 
spectroscopic and analytical characterization. Importantly, α-G is a 
catalyst that achieved full oxalic acid degradation in a wide range of pH 
values from 3 to 11. Furthermore, the use of only 50 mg L− 1 α-G can 
degrade 1 g L− 1 of oxalic acid. This performance compares favorably 
with previous analogous reports using other biomass derived carboca
talysts or activated carbons while there is still room for improvement to 
achieve the record activities of other synthetic carbons such as nano
graphite. [30,37,43] We attribute this improved catalytic activity as an 
effect of microporosity. It was found that α-G gradually deactivates upon 
reuse due to its partial oxidation, but its initial activity can be recovered 
completely by pyrolysis. Importantly, it was found that the mechanism 
using microporous Gs involves the capture of 1O2 by the polycyclic ar
omatic domains of the carbocatalyst, probably resulting in endoperoxide 
like intermediates that activate oxalic acid through oxyl radicals derived 
from endoperoxide ring opening. Thus, no direct contact between O3 
and oxalic acid is necessary in the α-G promoted decomposition. The 
consumption of these domains, which are susceptible to the O3/1O2 
attack, results in a gradual deactivation of the carbocatalyst and a 
simultaneous increase in oxygen content. This deactivation process can 
be reversed by thermal treatment, which is known to remove small 
oxygenated species from carbons, increasing the graphitization degree. 
This understanding of the process has allowed us to explore the catalytic 
activity of simple organic molecules as sacrificial agents, bridging the 
gap between carbocatalysis and organocatalysis. The present results 
challenge the current use of oxalic acid as the chosen sacrificial molecule 
for selective electron transfer decomposition promoted by O3 and 
highlights the role that 1O2 can play in O3-promoted decomposition also 
supported by DFT calculations. Unlike most related precedents, this 
investigation has found novel findings about the importance of 1O2 
during ozonation by metal-free catalysts via non-radical mediated oxalic 
acid degradation.Fig. 9. a) Adsorption process of 1O2 on the surface of a carbon tube model 

(0.48 nm) as well as inside the material; b) Formation of endoperoxide adducts 
at two pore size (0.48 and 0.57 nm). Energies are given in kcal mol− 1 and 
distances in Å.
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