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The development of metal-free heterogeneous catalysts for advanced oxidation processes has emerged as a key
focus for both academia and industry. We report on research that seeks to establish a correlation between the
crystallographic, physicochemical, textural, and morphological properties of a series of graphite-based solids and
their activities as metal-free ozonation catalysts in aqueous media. Our findings show that nanographite (NG)
outperforms traditional graphite-based solids, activated carbon and Co304. The enhanced activity of NG is due to
defective nanosized graphitic structures with high surface areas. NG exhibits an exceptional activity, durability,
and recyclability that surpasses other known catalysts. Our study employs electron spin resonance and selective
quenching experiments that reveal the generation of 'O, during catalytic ozonation. Significantly, NG shows
excellent catalytic efficiency even when using natural surface river water or seawater. This study illustrates the
importance of the natural properties of graphite-based materials as active and durable ozonation catalysts in

water.

1. Introduction

Advanced oxidation processes (AOPs) are highly preferred among
the technologies developed for the degradation of organic contaminants
in water, soil, and air [1-10]. These processes involve the generation of
reactive oxygen species (ROS) such as HO', HOO' or SO radicals, as well
as 10, species. AOPs have attracted considerable interest in industry due
to their relatively easy and highly effective implementation and are
based on the use of a transition metal-based heterogeneous catalyst
together with strong oxidants such as ozone (O3) [11-13], hydrogen
peroxide (HO2) [14,15], peroxymonosulfate (PMS) [10,16,17], and
persulfate [17,18], among others [19]. Specifically, catalytic ozonation
has been identified as a promising cost-effective AOP for medium and
large-scale industrial applications [13,20-25]. Some drinking or indus-
trial water treatment plants already use ozone as an oxidant for efficient
treatments. Ozone is a relatively strong oxidant (E° =2.05 V, NHE) [26]
that can be used for pollutant degradation and water disinfection [25,
27,28]. However, under typical conditions, O3 alone is not sufficiently
reactive in water treatments to degrade deactivated aromatic or
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electron-poor aliphatic pollutants [11]. In contrast, catalytic ozonation
has been shown to effectively transform O3 to ROS that can degrade
these types of recalcitrant pollutants [11,12,29]. Oxalic acid is
commonly used as an organic model pollutant to evaluate catalyst effi-
ciency under ozonation conditions [29,30]. Oxalic acid in water is
almost unreactive towards O3 under the conditions employed in water
treatment [30]. Oxalic acid in water is a byproduct that accumulates
during ozonation and is also considered as a refractory organic com-
pound in conventional chemical oxidation [31].

Recently, there has been a growing interest in developing sustainable
and efficient metal-free heterogeneous AOP catalysts as an alternative to
transition-metal based solids [32-36]. Our group and others have re-
ported on the development of metal-free catalysts such as activated
carbon (AC) [37-43], carbon nanotubes (CNTs) [41,44-46], graphite
(G) [47,48], graphene-based soilds [47,49], graphitized nanodiamonds
[50], and others [26,51-53]. Nanographites (NGs), with their nano-
metric dimensions and high surface areas, have recently emerged as a
promising class of material with potential applications in catalysis [54,
55]. Despite the excellent achievements made in the field and the large
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number of carbonaceous-based materials, there is a lack of comparative
studies on their properties.

G powder (G) is selected as a reference micro-sized material
commonly used for catalytic applications including metal-free catalysis
[59,60]. Expandable G (EG), a sulfuric acid intercalated flake graphite
[61], and their thermal derivatives, ca expanded at 600 °C (EG600), are
also graphites traditionally used in catalytic applications [61] and AOP
[62,63]. Over the last two decades, interest in using high surface area G
(HSAG) for catalytic applications either as a support [64-66] or as a
metal-free catalyst [48,67] has been growing and so HSAG is also
included for comparison. As far as we know, there is a lack of studies on
the use of NG-based materials as metal-free AOP catalysts. This study
aims to fill this gap by using NG as metal-free AOP catalyst.

Inspired by these precedents, this study reports on the relationship
between the crystallographic, spectroscopy, physicochemical and
textural properties of a series of graphite-based solids and their activity
as ozonation catalysts for the degradation of oxalic acid in water.
Catalyst stability and the reaction mechanisms are also investigated
using NG since it shows the highest level of activity among the tested
series of materials. Further, the catalytic performance of nanographite is
also examined for the degradation of oxalic acid in presence of the
inorganic ions or humic acids commonly found in natural waters
(including surface river water and seawater).

2. Experimental section

The experimental section includes details of the materials, methods,
and procedures employed in this study. The supporting information
describes the materials and reagents used, as well as their purities,
synthesis of thermally expanded graphites, chemical functionalization
of NG, reactivation procedure for the used NG, physicochemical anal-
ysis, sampling of natural water analysis, electron paramagnetic reso-
nance (EPR) measurements, and total organic carbon (TOC) analyses.

2.1. Catalytic activity

Catalytic ozonation experiments were conducted as previously re-
ported [50]. The data in this study corresponds to at least three inde-
pendent experiments and the average values and standard deviations are
given. Briefly, a commercially available ozonator was employed to feed
ozonized air (150 mg O3/h; 570 mL/min) using a gas diffuser (pore size
100-160 pm) placed at the bottom of a glass reactor (500 mL). Before
starting the catalytic tests, the carbon material (i.e., 100 or 20 mg/L)
was dispersed by sonication (450 W, 20 min) in an oxalic acid aqueous
solution (i.e., 50, 1000 or 5000 mg/L, 200 mL). The experiments were
performed using the following waters: Milli-Q water; surface river water
(Turia River, Valencia, Spain), and seawater (Mediterranean Sea,
Valencia, Spain). In some experiments, Milli-Q aqueous solutions of
NaCl, NaNOg, NaySO4, NaH;PO4, and NayCOs at the corresponding
concentrations (i.e., 50, 100, 200 or 5000 mg/L) were also prepared.
Humic acid aqueous solutions (i.e., 1, 2, and 5 mg/L) in Milli-Q water
were also prepared. The required initial pH was adjusted using 0.1 M
NaOH or 0.1 M HNOj3 aqueous solutions. The reaction mixtures con-
taining oxalic acid and the carbocatalyst were then added to the glass
reactor. The kinetics of oxalic acid decomposition were measured by
analyzing aliquots filtered with 0.2 um nylon using an HPLC instrument
equipled with an UV-Vis detector. The stationary phase of the column
consisted of sulfonated polystyrene-divinylbenzene copolymers (ICSep
ICE-COREGEL 87H3, 7.8 mm x 300 mm) placed in an HPLC column
oven (Echotherm). An aqueous solution of sulfuric acid with 0.001 N
was employed as a mobile phase at a flow rate of 0.8 mL/min.

Selective ROS quenching experiments were carried out as described
above using a NG sample, but with the addition of 20 mol% of quencher
with respect to oxalic acid. Dimethylsulfoxide (DMSO), t-butanol, or
methanol were used to quench selectively hydroxyl radicals. NaN3 or
furfuryl alcohol were employed as selective 'O, quenchers, and p-
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benzoquinone was used as a superoxide/hydroperoxide radical
scavenger.

The iodometry method was used to monitor the ozone concentration
from an ozonator. The ozone concentration at a flow of 570 mL/min was
found to be 150 mg/h, while the effective ozone present in the aqueous
system was estimated to be 86.8 mg/h. Experimental details of the
procedure can be found elsewhere [50].

3. Results and discussion
3.1. Analysis of the graphite-based materials

Table S2 summarizes the graphite-based materials employed in this
study. Previous studies on catalytic ozonation by carbon-based catalysts
have proposed the presence of t-extended aromatic structures and edges
as active sites for Os activation towards the generation of ROS [53].
Considering the intrinsic nature of the graphite-based materials
employed in this study, accessible sp2 domains are proposed as active
sites for the degradation reaction. A common strategy to evaluate the
role of possible active sites in a catalyst is to mask them using
post-synthetic modification methods and then evaluate the activity of
the masked catalyst under similar conditions [53]. Thus, the accessible
n-extended aromatic structure is considered as an active site for NG and
was modified by a chemical oxidation with HNO3 (NG-HNOg) to
randomly distribute oxygen functional groups. To confirm this chemical
modification, combustion elemental analyses of the pristine NG and
NG-HNO3 were made and the observed analytical data confirmed a
decrease in carbon content from 99 to 72.9 wt%. This chemical treat-
ment may also modify other properties of NG (such as the specific sur-
face area) and may also influence catalytic activity [53].

To obtain insights into the nature of these graphites, several
analytical techniques were employed to establish their unique crystal-
lographic, spectroscopic, physicochemical, textural, and morphological
properties. Initially, a powder XRD of the solids was measured to better
understand the crystal structures (Fig. 1a) [56-58,68]. All these samples
exhibit a diffraction peak at about 26.6° which is a characteristic
reflection (002) due to the plane of the aromatic graphene layers. Using
Bragg’s law (nh = 2d sin 0) the interlayer doo2 spacings of the graphites
were estimated and these values are shown in Table 1. In general, the
materials employed in this study exhibit similar interlayer distances (~
3.35 Io\) (Table 1) and characteristic diffraction patterns (Fig. 1a) that
reflect their intrinsically graphitic nature [68,69].

Table 1 summarizes the microcrystallite parameters estimated from
PXRD data (see experimental section) for the series of graphites and
reveal significant differences. EG and EG600 solids exhibit the highest
values for L,, L, L, and the number of stacked layers. For the other
graphite materials, the values of these parameters decrease in the order
G>HSAG>NG~NG-HNO3 (Table 1). The graphite-based materials
(except NG-HNOs3) with the lowest stacking of the graphene layers
(N < 60) are those solids with the highest specific surface areas namely,
HSAG and NG and this is an important parameter that frequently de-
termines catalytic activity.

In the area of heterogeneous catalysis, two important structural pa-
rameters that often largely determine the resulting activity are particle
size and specific surface area [53]. The main explanation for these
general observations is that the smallest particle size with the greatest
surface area provides easy access for the reagents to the active sites,
particularly when using two-dimensional layered materials (such as
graphites). For catalytic ozonation processes using nanocarbon-based
materials, the specific surface area has been highlighted as one of the
critical parameters in determining their activity since the surface area
facilitates ready access to the active sites (n-extended aromatic struc-
tures and edges) without significant mass transfer limitations [53].
Thus, the graphite-based materials used in this study are analyzed using
HRSEM (Fig. 2, S2, and S3), isothermal Ny adsorption-desorption mea-
surements (Fig. S4) and the results are summarized in Table 1. There is
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Fig. 1. (a) Powder XRD; and (b) Raman spectra of graphite-based materials.

Table 1
Summary of the PXRD data for the graphite-based materials.

Graphite-based solids X-ray data Microcrystallite parameter Effective dimension of the crystallites (A) Average particle size (pm) BET surface area (m?/g)
dooz (A) Lam) L@m) N L

G 3.3506 133 36 106 79 14 9

EG 3.3444 222 39 116 114 73 <1

EG600 3.3483 222 40 118 115 19 ~3

HSAG 3.3588 82 20 60 47 2.05 237

NG 3.3592 41 15 44 27 1.72 306

NG-HNO3 3.3558 42 15 43 27 1.66 266

an inverse relationship between the average particle size and BET sur-
face area. The sample with the smallest particle size corresponds to the
highest surface area and vice versa. Previous studies have suggested that
an important active site present in nanocarbons is the electron-rich and
n-conjugated aromatic structure [53]. Thus, it is reasonable to conclude
that the NG sample with the smallest particle size and the highest BET
surface area would show the most activity.

The crystallographic and textural properties of the graphites were
studied by PXRD, and the density of crystal defects in these samples were
analyzed using Raman spectroscopy (results are shown in Fig. 1b). The
Raman spectra reveal the presence of three main bands centered around
1353, 1586, and 2670 cm ™! which are characteristic of the D, G, and 2D
bands, respectively [70]. The G band is a characteristic of defect-free
graphites, while the D band corresponds to the disorder induced by
the presence of structural defects and boundaries (Fig. S5). The density
of structural defects in graphite-based materials is commonly estimated
by the ratio Ip/Ig as a representative value for lattice disorder. In this
study, the Ip/Ig ratio increases in the order EG<G<H-
SAG<NG<NG-HNOs. In Table 1 it can be observed that those graphites
with the largest average particle sizes also have the lowest number of
structural defects. Based on previous studies, the nature of the Raman D
band observed for the graphites (with the exception of the NG-HNO3
sample) is associated with the edges present in the samples [53]. The
highest density of graphite edges relative to the basal plane is found in
the NG sample. This observation correlates with the fact that NG exhibits
the highest BET surface area and smallest particle size among the series
of graphites and has the largest proportion of edges.

Previous studies suggest that the sample with the largest number of
defects in the form of edges relative to the basal plane may also influence
the ozonation catalytic activity of graphites [53]. Specifically, several
studies have proposed that a key parameter favoring the O3 activation

towards ROS [47,53,71,72] is a high level of exposure to edging sites in
nanocarbons. Additionally, other studies related to the use of graphenes
as catalysts have proposed that the electron transfer process is faster at
the edges than on the basal planes [73]. Therefore, it is reasonable that
the graphitic samples used in this study that have large populations of
edges with respect to basal planes exhibit relatively enhanced levels of
activity. Based on the chemical oxidation preparation procedure, it is
likely that the increase in defects (Ip/Ig) with respect to the parent NG is
due to the presence of oxygen-functional groups within the structure.
The observation of a new band at about 1640 cm™! in the Raman
spectrum of NG-HNO3 suggests the presence of hydroxyl and carbonyl
functional groups. FT-IR spectroscopy was further employed to analyze
the oxygen functional groups in NG-HNOs (Fig. S6). In particular,
NG-HNO3 shows the presence of new vibration bands at about 3510,
1738, and 1248 cm~! that suggest -OH, C=0 and C-O functionalities,
respectively. Furthermore, NG-HNOj3 also exhibits new bands at about
2980 and 2900 cm ™!, which together with 1390 cm™!, indicate ~CH,
groups.

Thermogravimetric analyses (TGA) of the graphitic samples under an
oxygen atmosphere were made to study their thermal stability. The plots
in Fig. S7 show that this stability decreases in the order
G~EG600 >HSAG>NG>EG. The lowest level of thermal stability of EG
in the series starts to degrade at about 200 °C and is associated with the
expansion of the graphene layers intercalated with sulfate anions [61].
EG600 exhibited a notable increase in thermal stability and reached a
similar level to the G sample. The relatively lower level of thermal sta-
bility of NG and HSAG when compared to the most stable G seems to
correlate with the increase in defects (Ip/Ig ratio) shown in the Raman
spectra, as well as the increase in BET surface area, and the decrease in
particle size (Table 1). However, the correlations observed for G, HSAG,
and NG are not applicable to the EG sample as it shows the lowest level
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Fig. 2. HRSEM images of (a) G, (b) EG, (c) HSAG, (d) NG, and (e) NG-HNOs3.

of thermal stability, the lowest degree of defects (Ip/Ig ratio), the
smallest surface area, and the largest particle size. TGA also shows that
the thermal stability of NG-HNOs is relatively lower than pristine NG.
This observation supports the existence of oxygen functionalities within
the NG-HNOg3 sample that thermally decompose at temperatures above
300 °C [74].
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3.2. Catalytic activity

The catalytic performances of the graphite-based solids were evalu-
ated as ozonation catalysts for degrading oxalic acid in water. Control
experiments revealed that the adsorption of oxalic acid over graphite-
based materials is below 2% at pH 3. As shown in previous studies,

b)1.0%

0.8
~4-4
0.6 < <

o
© 0.4/ "

0.2/ \ b e

LN
.\
0

(O : : - . : .
0 10 20 30 40 50 60
Time (min)

Fig. 3. (a) Metal-free catalytic ozonation of oxalic acid (50 mg/L), catalyst (100 mg/L), pH 3, 20°C, and O3 inlet to the glass reactor (150 mg/h). Legend: ozone (v),
EG (o), NG-HNO; (@), EG600 (), G (1), AC (V), HSAG (e), and NG (HD. (b) NG (M, NG filtrated at 5 min (<) and NG filtrated at 15 min (>).

4



A. Lopez-Francés et al.

oxalic acid cannot be degraded using only O3 under similar reaction
conditions [29,30]. Fig. 3a shows that all the graphite-based materials in
the series are active for ozone activation and oxalic acid degradation.
The results indicate that NG exhibits the highest level of catalytic ac-
tivity (100%, 30 min) in the series, followed by HSAG (100%, 41 min),
G (82%, 100 min), EG600 (61%, 100 min), NG-HNO3 (62%, 90 min)
and EG (8%, 100 min). The heterogeneous behavior of the catalyst was
evaluated before analyzing the reasons for the high level of NG catalytic
activity in comparison with the other samples. One common strategy for
this evaluation is to remove the solid catalyst from the reaction medium
once the reaction has started and to observe the progress of the reaction
in the absence of the catalyst under identical conditions. The solid
catalyst was removed when conversions reached around 30% and 65%.
The liquid without catalyst was allowed to react under similar ozonation
conditions and the complete inhibition of the oxalic acid degradation
was observed. These experiments are shown in Fig. 3b and confirm the
occurrence of catalytic ozonation in a truly heterogeneous fashion.
Importantly, NG shows greater levels of catalytic activity (100%,
30 min) than commercial Co304 (100%, 80 min) often used as a
benchmark transition metal-based ozonation catalyst under the same
reaction conditions (see Fig. S8).

To rationalize the observed catalytic activity for these materials, the
physico-chemical and textural properties of the materials were
analyzed. Among these solid catalysts, the least active sample was EG
and this is due to its lowest BET surface area (< 1 mz/g) and largest
particle size (Table 1). Interestingly, EG600 was more catalytically
active (Fig. 3a), despite having a relatively higher surface area (~3 m?/
g), a lower stacking of graphene layers, and a similar microcyrstallite
parameter with respect to the parent EG (Table 1). The activity perfor-
mance of G (82%, 100 min) was greater than EG600 (61%, 100 min) and
this is attributed to its relatively greater surface area (9 m?/g), smaller
average particle size (14 vs 19 um), and lower graphene stacking. The
use of HSAG produces significantly greater catalytic activity (100%,
41 min) and this is due to a higher BET surface area (237 mZ/g), much
smaller particle size (2.05 um), and lower graphene stacking compared
to G (Table 1). In good agreement with these observations, the greater
catalytic activity of NG compared to HSAG (which has a similar particle
size) can be explained by its higher BET surface area (306 m?/g), lower
graphene layer stacking, and slightly smaller (but still significant) par-
ticle size (1.72 um). Remarkably, the catalytic activity achieved with NG
(100%, 30 min) is relatively greater than the commercially available AC
(86%, 100 min) used as a benchmark metal-free ozonation catalyst,
despite having a greater BET surface area (~880 m%/g) [75]. In accor-
dance with these correlations, the catalytic data observed for the series
of graphite-based materials show a direct relationship with defects
(Ip/Ig ratio). Among these samples, NG has the largest number of defects
and the highest level of activity.

Furthermore, the level of catalytic activity by NG-HNOs is much
lower than NG. NG-HNO3 has a smaller BET surface area (266 mz/g)
than the NG sample (306 m?/g) and this can partially explain the
decreased activity. Further, it should be noted that although the NG-
HNOj area is much larger than EG600 (3 mz/g) or G (9 mz/g), its cat-
alytic activity level is lower. These results together with previous
analytical data are interpreted considering lower proportion of active
sites (m-extended aromatic structures and edges) in NG-HNOs had
partially degraded compared to NG, and, therefore the catalytic activity
had also decreased.

These comparison data highlight the importance of using NG with a
graphitic nanosized structure with the highest population of edges even
though it has a relatively smaller BET surface area (306 m2/g) than the
highly porous AC (880 m?/g) and its amorphous structure with both
graphitic and sp? domains as well as several oxygen functional groups
(C:0 molar ratio of 4.5) [75]. Moreover, a previous study has shown the
inactivity of the sp® domain in graphitized nanodiamonds.[50].

Factors such as the dispersibility of graphites and the adsorption
behavior of oxalic acid were studied in addition to the BET surface area
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of graphites. The presence of small particles of graphites may favor
higher dispersibility in water and so facilitate the catalytic ozonation
process by increasing the physical contact between these graphites and
03 and/or 0, (see Section 3.4). To obtain further insights regarding this
process, graphite suspensions were prepared in water at 100 mg/L as in
the case of the catalytic ozonation experiments. UV-Vis absorption an-
alyses of these graphite suspensions at times 0 and 6 h showed that the
order of dispersibility (Fig. S9a) matches with the order of catalytic
activity. Therefore, for the graphite-based materials, the catalytic ac-
tivity achieved is related to a high surface area with a sp> domain able to
decompose O3 to 10, and a further interaction of 'O, with the graphites
(see Section 3.4). The dispersibility of the materials also favored these
interactions. In addition, graphite-based materials were used to adsorb
oxalic acid in water at pH 3. Fig. SOb shows that the order of oxalic acid
adsorption agrees with the catalytic ozonation order observed earlier.

One of the challenges in AOPs is to develop catalytic systems that can
operate across a broad range of pH values. For this reason, the perfor-
mance of an NG sample was also studied as a function of the initial pH
for oxalic acid degradation (Fig. 4a). For the sake of comparison, the
performance of HSAG was considered under identical reaction condi-
tions (Fig. 4b). Some studies have shown that O3 concentration de-
creases as the pH of the solution increases [11,48] and others have
reported that a reaction between O3 and HO™ forms hydroxyl radicals
[11]. The lower level of catalytic activity observed with NG for oxalic
acid degradation in water at basic pH is attributed to a lower O3 con-
centration interacting with the catalyst to form ROS. The use of HSAG
results in less degradation in water for all pH values studied from 3 to 11
in comparison with the most active NG sample. Interestingly, the ac-
tivity of NG is even higher at a pH value of 11. Previous related studies
with edged-hydroxylated HSAG (HSAG-OH) [48] and graphitized
nanodiamonds [50] showed limited activity at neutral or basic pH
values for the degradation of oxalic acid in water. The superior perfor-
mance of NG compared to HSAG across the pH range under study further
confirms the importance of a nanosized graphitic structure with the
highest population of edges as well as a high surface area.

3.3. Catalyst stability

One important issue in catalysis is catalyst stability and this is often
assessed by performing reusability experiments [32,76]. This is of spe-
cial importance in metal-free heterogeneous catalysis for AOP applica-
tion due to the formation of highly active ROS during the process that
can interact with the catalyst [11]. For this purpose, the most active NG
sample was submitted to consecutive reuse experiments at pH 3. Fig. 5a
shows that NG can be effectively reused for five cycles with only a slight
decay in activity and complete degradation occurs after some additional
minutes of reaction. The times required for complete oxalic acid
degradation were 30, 35, 40, 45 and 45 min for 1%, 2™, 3™, 4 apd 5%
reuses, respectively. Based on knowledge from previous studies
involving carbon-based materials as ozonation catalysts, it is believed
likely that the slight observed decay may be explained by the partial
oxidation of NG [48,49]. Thermal annealing under an argon atmosphere
is a common strategy for heterogeneous solids to recover most of the
initial catalytic activity in carbon materials. The purpose of this thermal
annealing is to accelerate the decomposition of the oxygen functional
groups and re-graphitize the carbocatalyst. With this knowledge,
six-times used NG (NG-6U) was submitted to a pyrolysis under an argon
atmosphere at 1100 °C for 1 h to obtain NG-6U-REG. Interestingly, the
catalytic activity of the NG-6U-REG was restored and could be employed
for five additional consecutive catalytic cycles with only a minor decay
in activity.

To learn more about partial catalyst deactivation and re-activation
processes, a comparative analysis of the fresh, NG-6U, and NG-6U-
REG materials was made using several techniques. Although the PXRD
(Fig. 5b) of these three samples reveals similar patterns, a more detailed
investigation shows small but significant changes in the microcrystallite
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parameters. In particular, the NG-6U sample shows a slightly higher L.
parameter (17 nm) with respect to the fresh sample (15 nm), while the
regenerated NG-6U-REG recovers its original value. This observation is
correlated with the partial oxidation of the graphene layers of NG after
six uses with the concomitant expansion of the layers. A thermal
regeneration of NG-6U resulted in a re-graphitization of the sample and
contraction of the graphene layers so that it resembled the pristine
sample. Combustion elemental analyses showed that the used NG-6U
sample had less carbon (92.4 wt%) than the fresh NG sample (>
97%), while the initial carbon content was restored in the NG-6U-REG

sample. A TGA analysis was made for the fresh, used, and regenerated
samples. Fig. S10 shows that the NG-6U solid is less thermally stable
than the fresh NG sample. These results correlate well with the partial
oxidation of NG-6U with oxygen functional groups that can be thermally
decomposed from about 250-700 °C. Interestingly, the NG-6U-REG
sample showed a level of thermal stability similar to the fresh NG
catalyst. Additionally, the NG-6U sample had a slightly smaller BET
surface area (298 mz/g) (Fig. S11) than the NG sample (306 mz/g)
(Table 1). Furthermore, the NG-6U-REG sample (Fig. S11) recovered its
original BET value as in the case of NG solid.
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The three samples were further analyzed with XPS and Raman
spectroscopies to gain more information about these observations.
Investigation of the XPS C 1 s and O 1 s spectra of the NG-6U and NG
indicate that the former shifted to higher binding energies (Fig. 5c, d). In
addition, the XPS O 1 s spectrum of NG-6U showed a higher signal in-
tensity than the fresh NG sample. In fact, quantitate XPSC1sand O 1s
analyses show that the NG-6U sample contained more oxygen (~ 8 wt%)
than the fresh sample (~3 wt%). XPS O 1 s deconvolution of NG-6U
further confirms the partial oxidation of the NG-6U catalyst with hy-
droxyl (533.1 eV), carbonyl (534.2 eV), or carboxylate (536 eV) groups
(among other possibilities) (see Fig. 5 and S32). Remarkably, the C 1 s
and O 1 s spectra of the NG-6U-REG sample resembles the fresh NG
sample (Fig. 5). Specifically, the XPS O 1 s of NG-6U-REG show that the
carboxylate groups were removed due to their instability at 1100 °C
[74]. Furthermore, Raman spectroscopy (Fig. 6a and S13) showed an
increasing Ip/Ig ratio for the NG-6U sample (0.75) with respect to fresh
NG (0.55). The thermally annealed NG-6U sample enables largely
restoring the defect density (Ip/Ig 0.6) when compared to the parent
sample. These XPS and Raman results confirm that a thermal pyrolysis
treatment of the partially oxidized NG-6U sample is an appropriate
strategy for largely restoring the initial graphitic structure.

Additionally, a comparative solid-phase EPR measurement for NG,
NG-6U, and NG-6U-REG samples was performed (Fig. S14). The results
show that the NG-6U sample, due to partial oxidation of its graphitic
structure, exhibits an EPR signal attributable to the presence of unpaired
electrons like dangling bonds. Interestingly, the NG and NG-6U-REG
samples are EPR silent [77].

Electron microscopy techniques were also employed to analyze the
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fresh NG and NG-6U samples during the catalytic ozonation process and
after thermal regeneration. HR-SEM measurements of the three samples
under study reveal no significant morphological changes (Fig. S15).
TEM analysis (Fig. 6b-d and Fig. S16) of the fresh NG confirms an ex-
pected graphite interlayer distance of about 3.35 A (corresponding to
the 002 plane as observed in XRD). The NG-6U sample also reveals
interlayer distances of 3.35 A, with some domains showing interlayer
distances of about ~2.2 A. The formation of these domains can be
explained by the partial transformation of sp? to sp® carbons due to the
partial oxidation of graphene layers in NG during catalytic ozonation.
Reactivation of the NG-6U sample by thermal pyrolysis results in a NG
with interlayer distances of 3.35A. These conclusions are in full
agreement with previous analyses of the fresh NG, NG-6U, and NG-6U-
REG samples using combustion elemental analyses, XPS, and Raman
techniques.

The above comparative data for the NG, NG-6U, and NG-6U-REG
samples confirm that the slight decrease in catalytic activity during
the reuse experiments using NG as a catalyst can be attributed to partial
oxidation and, therefore, decrease of the population of actives sites.
These data, together with the observed drop of activity of the NG-HNO3
sample when compared to the parent NG, support the attribution of an
electron-rich n-extended aromatic structure and the edges of NG as
active sites. In addition, the pyrolysis of NG-6U is shown to be an
appropriate method for recovering both the graphitization of NG and its
initial catalytic activity.

The catalytic activity, stability, and durability of NG was further
assessed with the use of relatively small amounts of catalyst (20, 50, or
100 mg/L) to efficiently degrade high concentrations of oxalic acid in

Fig. 6. (a) Raman and HR-TEM images of (b) NG, (c) NG-6U and (d) NG-6U-REG.
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water (1 g/L) (Fig. 7). In one of the previous examples, HSAG-OH as a
metal-free heterogeneous catalyst (50 mg/L) degraded 1 g/L of oxalic
acid in water at pH 3 in 17 h (Table S3). Under similar reaction condi-
tions, NG completely degrades oxalic acid in about 11 h, thus showing
superior catalytic activity than HSAG-OH (Table S3). Furthermore,
20 mg/L of NG was sufficient to degrade oxalic acid with a concentra-
tion of 5000 mg/L in water (Fig. 7). Table S3 also shows that NG is a
highly active and stable metal-free ozonation catalyst in terms of reus-
ability compared to hybrid sp?/sp® nanodiamonds, as well as reduced
graphene oxide (rGO), and other related carbon-based catalysts under
similar reaction conditions [46-50,52,78]. Overall, a comparison of NG
activity with other reported carbon-based solids firmly suggests that the
achieved degradation performance and stability of NG ranks it as the
most efficient metal-free ozonation catalyst reported until now
(Table S3).

3.4. Reaction mechanism

A common strategy to address the existence of ROS is to employ
scavengers during the measurement of catalytic activity. t-Butanol
(5-10* M~ 571 [27] and DMSO (4.2-10° M~* s7!) [79] have been
frequently used as selective hydroxyl radical scavengers in solution; and
methanol (7-108 M1 s71) [80] is used as a hydroxyl radical scavenger in
both bulk and solution. However, the reactivity of O3 with t-butanol
(3107 Ms™h), [27] DMSO (0.4162M~* s7) [81], or methanol
(0.024 Ms™ H [31], is negligible when compared to that observed with
hydroxyl radicals. Fig. 8a shows the influence of scavengers in the
degradation of oxalic acid in water with NG as a metal-free ozonation
catalyst. These data indicate that the addition of ¢t-butanol, DMSO, and
methanol do not alter catalytic degradation. These observations directly
indicate the absence of hydroxyl radicals. Similarly, the generation of
superoxide/hydroperoxide radicals during catalytic ozonation was ruled
out based on the use of p-benzoquinone as a scavenger [82]. In contrast,
the observed partial oxalic acid inhibition with NG in the presence of
NaNs3 (kjo2/Nan3 = 2.2.10° Ms™Y) [83] or furfuryl alcohol (FFA)
(k102/rra =1 108 M s [84] may be attributed to the presence of 10y as
ROS. Similar conclusions were obtained using DMSO (Fig. S17), p-ben-
zoquinone (Fig. S18), and NaNs (Fig. S19) as radical quenchers during
oxalic acid degradation for the graphite-based materials (G, EG, EG600
and HSAG).

Previous studies have reported that the rate of O3 decomposition in
water can be correlated with the generation of ROS during the catalytic
ozonation [46]. Fig. 8b shows that the order of O3 decomposition in
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Fig. 7. Carbocatalytic activity for the degradation of a relatively large amount

of oxalic acid (1 g/L) in water at pH 3 using NG at 20 (v), 50 (e) or 100 (@)
mg/L catalyst or oxalic acid (5 g/L) using 20 mg/L catalyst (/\).
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water at pH 3 with graphite-based solids agrees with the order observed
for oxalic acid decomposition under the same reaction conditions. These
results together with the above quenching experiments can be associ-
ated with the presence of 105 during the catalytic ozonation process.

EPR measurements were performed to further confirm the genera-
tion ROS during the carbocatalytic activation of Os using the series of
graphite-based materials. In particular, the use of TEMP (Fig. 8c) as a
spin trap during the catalytic ozonation resulted in the formation of the
TEMPO adduct that showed a characteristic three lines of the same in-
tensity with a coupling constant 17.3 G.[85] Interestingly, the order of
the EPR intensity signals observed for TEMPO formation with the series
of graphites matches the order for oxalic acid degradation.

To further detect other ROS species, DMPO was employed as a se-
lective spin trap for the HO" and/or O3/HOO' radicals. The results show
that all these samples formed DMPOX (Fig. 8d). These EPR measure-
ments together with selective quenching experiments conclude the
absence of HO  and/or O3/HOO’ during catalytic ozonation. Regardless
of these observations, Fig. 8d shows that the EPR intensity of the DMPOX
signal using the graphite solids also follows the order of activity
observed for oxalic acid degradation. The use of Og in the absence of a
catalyst also resulted in the formation of DMPOX. These results agree
with previous studies reporting the oxidation of DMPO to DMPOX either
by 102 [86,87] or Oz [88]. Furthermore, the use of N-tert-bu-
tyl-a-phenylnitrone (PBN) to detect HO" and/or O5/HOO’ radicals with
NG did not reveal any EPR signals.

Based solely on the detection of !0, during catalytic ozonation, we
further explore its role for oxalic acid degradation using graphites.
Initially, the possibility was evaluated of 'O, degrading oxalic acid in
the absence of NG. Based on previous studies, Rose Bengal was used as a
photosensitizer to generate 10, in water at pH 3. In good agreement with
previous studies [89], the UV-Vis irradiation of Rose Bengal in water at
pH 3 in the presence of TEMP forms TEMPO as revealed by EPR mea-
surements following the generation of 10 (Fig. S20a). Subsequently, a
control experiment showed that the irradiation of the oxalic acid solu-
tion in the absence of a catalyst cannot degrade oxalic acid in water at
pH 3 (data not shown).

Interestingly, analogous photocatalytic experiments using Rose
Bengal in the presence of a series of graphites resulted in the degradation
of oxalic acid (Fig. S20b). These data indicate that 10, and NG interact
in such a way that favors the degradation of oxalic acid. Furthermore,
the order of activity obtained during oxalic acid degradation via pho-
tosensitized 10, production in the presence of graphites follows the
same order of activity as catalytic ozonation. Overall, these experiments
show the important role of graphites in the degradation of oxalic acid
with the presence of O3 or 102.

Previous studies have proposed that the graphitic basal plane and
edges of several nanocarbons act as active sites during catalytic ozona-
tion [53]. This electron-rich and highly conjugated n-extended aromatic
structure can favor electrophilic binding to Ogs that can later be disso-
ciated into ROS and/or the formation of an Os-carbon complex. We also
believe that the superior activity of NG is due to its ability to efficiently
transform O3 to 102_ s 102 can interact with the accessible active sites in
NG favoring the degradation of oxalic acid.

3.5. Influence of inorganic ions and humic acid

An important consideration when developing heterogeneous ozon-
ation catalysts is the possible influence of the common ions present in
water [31]. There are many reports in the literature about the influence
of inorganic anions frequently found in natural water (such as chlorides,
phosphates, sulfates, carbonates, and nitrates) which act as scavengers
of the ROS similarly to HO radicals generated during catalytic ozonation
of water pollutants [31]. This situation hampers the efficient application
of these catalytic ozonation systems in natural water matrixes. Based on
these precedents, this study investigates the influence of inorganic an-
ions (phosphates, carbonates, sulphates, nitrates, and chlorides) that are
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commonly found in natural waters on the activity of NG (Fig. 9a and
S21). In general, these inorganic anions at concentrations that can be
found in natural water (50 or 200 mg/L) have only a minor influence on
the resulting catalytic activity during the metal-free ozonation of oxalic
acid with NG at pH 7. Furthermore, the presence of chloride at con-
centrations commonly found in seawater with values as high as 30 g/L
has a negligible influence during oxalic acid ozonation with NG as a
solid catalyst (Fig. S21). ROS generation during catalytic ozonation
using NG may explain the low level of influence of these inorganic ions
on catalytic activity. As it has been demonstrated with EPR measure-
ments and selective quenching experiments, 'O, is the only ROS
generated in the catalytic system and neither hydroxyl nor super-
oxide/hydroperoxide species have been detected. Therefore, the minor
influence of these inorganic ions may be associated with the absence of
HO' and/or O3/HOO' species. Regardless of these comments, Fig. 9a
shows that the presence of phosphate ions has a minor but significant
influence on catalytic activity compared to carbonates/bicarbonates
that have almost no influence. A recent study reported that the
self-decay kinetics of O3 in an aqueous solution are faster in the presence
of phosphate ions than carbonates [90]. Therefore, this study proposes
that the observed influence of phosphate ions during the catalytic
ozonation of oxalic acid with NG is also due to a similar process. Other
studies have reported that chloride ions can react with O3 to form
hypochlorous/hypochlorite species in such a way that the effective
concentrations of Og that participate in the degradation of oxalic acid
are lower (although under the present reaction conditions this process
seems to have negligible influence) [91]. Other factors such as the in-
crease in ionic strength of water due to the presence of inorganic ions
may also influence the catalytic ozonation by varying the mass transfer
rates between the solid catalyst and the pollutant in the water and the O3

cannot be discharged.

In addition to the influence of inorganic anions, naturally occurring
organic matter can also react with the generated ROS during catalytic
ozonation [92]. A common strategy to evaluate the effect of natural
organic matter in the laboratory is to use commercially available humic
acid as a reference [92]. In this study, the catalytic ozonation of oxalic
acid with NG is evaluated in the presence of different concentrations of
humic acid in water. Fig. 9b shows that the presence of increased con-
centrations of humic acid in water from 1 to 2 mg/L delays the full
degradation of oxalic acid. These observations can be attributed to a
combination of several factors. The O3 supplied to the reaction can react
with humic acid as reported [93] and so decrease the amount of ozone
available to be catalytically decomposed by NG to ROS. However, the
catalytically formed ROS using NG may react with humic acid and so
decrease its availability to degrade oxalic acid in water. Other factors
such as adsorption of humic acid by NG may also hamper ozone acti-
vation to ROS and so decrease the resulting catalytic activity of the
carbocatalyst.

3.6. Activity of NG in natural water matrixes

Factors that frequently limit a cost-effective application of catalytic
AOP in water are naturally occurring inorganic ions (anions or cations)
and organic matter [31,92]. The development of transition metal-based
[11,12,24] or metal-free [53] heterogeneous ozonation catalysts for
degrading water pollutants has been widely reported. Less attention has
been given to evaluate the performance of these heterogeneous ozona-
tion catalysts in natural water matrixes [26]. This study also aims to
examine the potential of NG as a metal-free ozonation catalyst for
application in natural waters. For this purpose, a catalytic ozonation
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Fig. 9. (a) Ozonation of oxalic acid at pH 7 using NG without () or with
inorganic ions. Legend: NaH,PO,4 ([), NaySO4 (a), NaHCO3 (A\), NaNO3 (e)
and NacCl (o) at 50 mg/L. (b) ozonation of oxalic acid at pH 7 using NG without
(WD or with humic acid at 1 mg/L ([J) and 2 mg/L (e).

using NG for the degradation of oxalic acid in two natural aquatic
sources: surface river water (Turia River, Valencia, Spain) and a Medi-
terranean seawater (Valencia, Spain) was performed. The sample from
the Turia River was collected just upstream from a water treatment plant
that supplies drinking water to more than 1.5 million residents in
Valencia. The Mediterranean seawater was collected from the Malvar-
rosa beach in the city of Valencia. Table S1 shows some of the common
physicochemical and microbiological water quality parameters for sur-
face river and Mediterranean seawater, respectively. Fig. 10 shows that
the degradation of oxalic acid in both waters can be carried out effec-
tively with reaction times that are longer than analogous experiments
using Milli-Q water. Based on the negligible influence of inorganic ions
on the observed NG catalytic activity for oxalic acid degradation in
Milli-Q water, the longer time required for its degradation in the natural
waters under study can be attributed to the presence of natural organic
matter and/or microorganisms in both waters. It is interesting to
consider that previous studies showed the quenching of highly aggres-
sive hydroxyl radicals is largely due to the presence of inorganic anions,
especially CO%’ or humic acid [26]. Therefore, the use of NG as an
ozonation catalyst results in the formation of ROS (such as 1Oz) rather
than hydroxyl radicals and this may partially explain the relatively good
performance observed for oxalic acid degradation in natural water
matrixes. Overall, the results obtained in this study highlight the po-
tential use of NG as a metal-free ozonation catalyst using natural water
matrixes such as surface river or seawater.

10
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Fig. 10. Ozonation of oxalic acid (50 mg/L) at pH 8 using NG (100 mg/L) in
natural water matrixes. a) Legend: distilled water at pH 8 (ll), Turia River ([7),
seawater (e).

4. Conclusions

This study shows that NG is a highly efficient and durable catalyst.
The catalytic activity achieved with NG is greater than that achieved
with traditional graphite-based materials such as G, EG, EG600, and
HSAG as well as benchmark carbonaceous solids such as AC or Co304.
Analysis of the tested graphite-based materials revealed their unique
crystallographic, spectroscopic, physicochemical, textural, and
morphological properties. These data together with the observed order
of activity NG>HSAG>G>EG600 >EG suggest that the activity of NG is
attributable to its unique nanosized graphitic structure, large population
of defects such as edges, high surface area, good dispersibility and
adsorption capacity. After several uses, NG retains most of its initial
catalytic performance, however, a partially deactivated sample (NG-6U)
can be restored with a thermal treatment at 1100 °C. Data from analyses
of the NG, NG-6U, and NG-6U-REG solids indicate that the main reason
for catalyst deactivation is partial oxidation; and a thermal regeneration
treatment enables a recovery of most of the initial graphitic structure
and catalytic activity. In addition, productivity tests indicate that large
amounts of oxalic acid as an organic model pollutant (5000 mg/L) can
be fully degraded using relatively small amounts of NG as catalyst
(20 mg/L). These catalytic activity and stability data enable us to
conclude that NG can be ranked as among the most active metal-free
ozonation catalysts in water. The ability of NG to act as an effective
ozonation catalyst in water in the presence of common inorganic ions or
organic matter (as well as when using surface river water or seawater) is
also demonstrated. This is attributed to the absence of hydroxyl radical
species during catalytic ozonation that could be strongly quenched by
some of the inorganic ions or organic matter present in water and the
formation of ROS as 10, (as evidenced by selective quenching experi-
ments and EPR measurements).

The authors believe that these results provide opportunities for the
development of other carbon-based ozonation catalysts with applica-
tions in natural waters.
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