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ABSTRACT

This work reports the catalytic ozonation activity of high surface area graphite
materials selectively functionalized at the edges with hydroxyl groups. The graphite-
based catalyst shows higher activity than the parent graphite, commercial activated
carbon, commercial multiwall carbon nanotubes, commercial diamond nanoparticles,
graphene oxide or reduced graphene oxide. Importantly, the catalytic activity of the
graphite-based material is also higher than those of benchmark ozonation catalysts such
as Co304 or Fe2Os. The graphite catalyst was reused up to ten times with only a minor
decrease in the catalytic activity. Catalytic activation of O3 leads to the generation of
hydroperoxide radicals and 'O.. These results have been interpreted as derived from the
combination of suitable work function and the presence of phenolic/semiquinone-like
redox pairs as well as high dispersability in water due to the presence of —OH group.
This work highlights the possibility of engineering active and stable carbocatalysts for

reactions typically promoted by transition metals.

KEYWORDS: metal-free catalysts; carbocatalysis; graphite as catalyst; ozone

activation; oxalic acid degradation



INTRODUCTION

Most of industrial chemical processes employ transition metals as catalysts.!” In
the field of environmental applications, advanced oxidations processes (AOPs)
employing catalysts are among the preferred technologies for water pollution
remediation.®!! The most efficient AOPs are based on the use of strong oxidants such as
ozone, hydrogen peroxide or peroxymonosulfate/persulfate and transition metal ions as
homogeneous catalysts. % !>1% Unfortunately, homogeneous catalysis for water
remediation has the drawback of the need to remove, in some cases at trace level, the
metals employed as catalysts.!> In this regard, heterogeneous catalysis for AOP may
overcome some of the important limitations of homogeneous catalysis.!>2
Heterogeneous catalytic ozonation is an AOP than can be potentially implemented at
industrial scale.!> 2! Many potable or wastewater treatment plants have already installed
in their facilities ozone generators, being on this way easier to implement a catalytic
process. Regardless of its relatively high oxidation potential, E° 2.07 V, Os in the
absence of catalysts is not reactive enough to degrade some toxic and recalcitrant
pollutants, such as deactivated aromatic compounds and electron-poor aliphatic
contaminants.'? For this reason, the objective of catalytic ozonation is to generate from
Os other reactive oxygen species (ROS), such as hydroxyl or hydroperoxyl radicals
(Equations 1-4) able to unselectively degrade a wide range of recalcitrant pollutants
such as oxalic acid.'*?!"2 As in the case of homogeneous catalysis, the most efficient
heterogeneous catalysts to promote ozonation by generating ROS are, however,

transition metals such as cobalt, manganese, iron, cerium, titanium, among others.>"> 24
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In view of these precedents it would be convenient to develop additional
sustainable and efficient heterogeneous catalysts not based on transition metals for
ozonation.>>?® In this context, several groups have employed and/or modified activated

2937 and, to a lesser extent, other carbonaceous materials such activated carbon

carbons
fibers*® or multiwalled carbon nanotubes (MWCNTs)*!> %% as carbocatalysts for ozone
activation. The discovery of graphene (G) in 2004 extended further the interest for
carbon-based materials as catalysts.*> ! Recently, reduced graphene oxide (rGO) has
been reported as a heterogeneous carbocatalyst to promote the catalytic ozonation.* It
was observed, however, that rGO becomes deactivated to a large extent even after one

use. In addition, rGO preparation was based on the Hummers method that generates a

large amount of wastes.**

Herein, the preparation of a highly active, stable and economically attractive
graphite-based catalyst, obtained from commercially available high surface area
graphite (HSAG) simply modified at the edges by hydroxyl groups using KOH as
reagent (HSAG-OH) is reported. It was observed that the ozonation activity of HSAG-
OH is higher than those of several other carbon-based materials, such as graphite (G),

commercial HSAG, carbon nanotubes (CNTs), activated carbon, nanometric diamond,



graphene oxide, rGO and even higher than that achieved using benchmark metal oxides
such as Co304, CeO2, Al,O3 or CuO. HSAG-OH was reused efficiently ten times.
Importantly, a reductive thermal treatment of the ten times-used catalyst allows the
recovery of its excellent catalytic activity for ozone activation to hydroperoxyl radicals.
Based on the comparison of the catalytic activity of HSAG-OH with that of several
other carbonaceous catalysts it will be concluded that the high activity of the HSAG-OH
derives from the integrity of sp® graphene layers in a multilayer configuration together
with its excellent dispersibility of the HSAG-OH particles in aqueous medium due to

the presence of peripheral OH groups.
EXPERIMENTAL SECTION
Materials

Graphite (CAS 7782-42-5), diamond nanoparticles (ref: 636 444, > 97%), activated
carbon (AC, Norit SX Ultra, ref 53663), Al,03, CeO,, Co304, CuO, dimethylsulfoxide
(DMSO0,>99.5%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 2,2,6,6-
tetramethylpiperidine (TEMP) were supplied by Sigma-Aldrich. MWCNTs were
supplied by Nanostructured & Amorphous Materials. HSAG was Synthetic Graphite
8427® supplied by Asbury Graphite Mills Inc. Characterization of HSAG has been
reported by some of us in previous studies.**” Other reagents employed were analytical
or HPLC grade and they were also provided by Sigma-Aldrich.

HSAG oxidation by nitric acid. As previously reported for analogous carbonaceous
materials, commercial HSAG (1 g) was dispersed in HNO3(c) (25 mL) in a round-
bottom flask, and the mixture heated under stirring at 83 °C for 20 h.*® After cooling the
reaction system, the suspension was centrifuged at 12,000 rpm for 20 min and washed

repeatedly with Milli-Q water until the pH value of the washing liquids was neutral.



Finally, the solid sample was recovered by filtration and dried at 100 °C for 12 h. This
sample was labelled as HSAG-HNO:s.

HSAG hydroxylation by KOH. As previously reported** > HSAG and KOH were
reacted in a planetary ball mill S100 from Retsch, with 0.3 L grinding jar moving on a
horizontal plane. The jar was loaded with 6 ceramic balls having a diameter of 20 mm.
HSAG (1 g), KOH powder (20 g) and H>O (6.5 mL) were put into the jar that was
rotated at 300 rpm, at room temperature, for 10 h. After this time, the mixture was
placed in a Biichner funnel with a sintered glass disc and repeatedly washed with
distilled water (6 x 100 mL) under vacuum. Finally, the obtained solid was put in an
oven at 60 °C to remove excess water. This sample was labelled as HSAG-OH.
Recently, possibility to perform edge-oxidation of graphites by hydrogen peroxide
oxidation has been recently reported.*’

HSAG-OH functionalization by means of the Reimer-Tiemann/Cannizzaro
domino. As previously reported, in a round bottomed flask equipped with magnetic
stirrer and condenser, KOH powder (3.12 g, 55 mmol), CHCI3 (1.12 mL, 14 mmol) and
H>0 (0.5 mL) were added in sequence. HSAG-OH (0.500 g) was added to such mixture
after few seconds.** The mixture was stirred at room temperature, for 12 h. After this
time, the solvent was removed at reduced pressure. The resulting solid was ground in
fine grains in a mortar with a pestle, transferred into a Falcon™ tube (15 mL) and water
(10 mL) was added. The suspension was sonicated for 10 min and centrifuged at 4000
rpm for 10 min (3 times). This sample was labeled as HSAG-OH-COOH.

Reactivation of the HSAG-OH sample after 6 uses.

Method A: Heating treatment. 0.1 g of 6 times used HSAG-OH sample and CH>Cl, (25
mL) were put in a 50 mL round bottomed flask equipped with magnetic stirrer. The

resulting suspension was stirred at room temperature for 12 h. After this time the



mixture was filtered and the powder was put in a 5 mL glass vial and heated at 200 °C
for 12 h under nitrogen atmosphere.

Method B: Reduction by hydrazine. 0.1 g of 6 times used HSAG-OH sample were put
in a 25 mL round bottomed flask equipped with magnetic stirrer. To this suspension,
hydrazine monohydrate (1p for 1 mg of HSAG-OH) was added. The suspension was
stirred at 80 °C for 12 h. After this time the mixture was filtered and the powder was
dried.

Pyrolyzed nanometric diamond. Commercial diamond nanoparticles (NPs) (200 mg)
were placed in a tubular oven under Ar atmosphere and heated up to 900 °C at 5 °C/min
for 1 h. After cooling the system at room temperature, the samples were washed with

ethanol and water and finally dried at 100 °C for 12 h.>°

Characterization

Combustion elemental analyses were performed using a CHNOS analyzer (Perkin
Elmer). Raman spectra were collected at room temperature upon 514 nm laser
excitation using a Renishaw In Via Raman spectrophotometer equipped with a CCD
detector. Temperature-programmed desorption (TPD) coupled to a mass-spectrometer
(TPD-MS) analyses of the carbonaceous samples were collected in a Micrometer 11
2920 station connected to a quadrupolar mass spectrometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a SPECS spectrometer with an
MCD-9 detector using a monochromatic Al (Ka= 1486.6 eV) X-ray source. The Cls
peak at 284.4 eV was employed as reference. Transmission electron microscopy (TEM)
images of nanometric diamond samples were acquired using a JEOL JEM-2100F

instrument operating at 200 kW.



Catalytic reactions

Catalytic ozonations. Ozone was generated from dried-air using a commercially
available corona discharge ozone generator. The generated ozone (140 mg/h) was
introduced at 570 mL/min through a gas diffuser into the bottom of a 300 mL glass
reactor. Typically, the reactor contained 250 mL of Milli-Q water with or without oxalic
acid (50 mg L") as model organic pollutant together with the dispersed catalyst (100 mg
L. The course of the reaction was followed by analyzing immediately after being
taken reaction aliquots previously filtered through a Nylon filter (0.2 um) to remove the
catalyst.

Selective quenching experiments and EPR measurements. These experiments were
performed similarly as described for oxalic acid degradation at pH 3, but: i) for selective
hydroxyl quenching experiments, dimethylsulfoxide or fert-butanol (20 mol % with
respect to oxalic acid) were also present; ii) for EPR experiments oxalic acid was
replaced DMPO or TEMP as ROS trapping agent at 1 g L'. EPR measurements were
carried out in a Bruker EMX spectrometer (9.803 GHz, sweep width 3489.9 G, time
constant 40.95 ms, modulation frequency 100 kHz, modulation width 1 G, microwave
power 19.92 mW) at pH 3 and 20 °C and 20 min of reaction.

Ozone measurements. Ozone calibrations were carried out by iodometry. To determine
ozone self-decomposition or decomposition in the presence of carbonaceous solids (50
mg L) in water, the pH value of the aqueous solution or suspension was first adjusted
using HCI or NaOH aqueous solutions, then the absorbance of aliquots was measured in
a UV-Vis spectrometer (Jasco instruments) from 200 to 400 nm. It should be noted that
O3 exhibits a maximum absorption wavelength at 260 nm with an extinction coefficient

of 3000 M! cm™.!



Oxalic acid analysis. Oxalic acid concentration was determined by analyzing reaction
aliquots by ion-chromatography using a conductivity detector. The stationary phase was
a polyvinyl alcohol with quaternary ammonium groups column, while the mobile phase
was a basic aqueous solution (3.2 mM NaxCO3 / 1.0 mM NaHCO3 mM).

Total organic carbon (TOC). TOC of aqueous oxalic acid solutions was analyzed
using a High TOC Elementar II analyzer.

Boehm titration. It was performed to quantitatively determine the content of
oxygenated surface groups. In a typical experiment, 0.05 g of the carbon allotrope were
dispersed in 50 mL of a 0.05 M NaOH solution and water was removed (see in the
following). After stirring at room temperature for 24 h, the mixture was filtered.
Removal from the solution of the solid carbon allotrope is essential to avoid the reaction
of deprotonated groups on carbon allotrope surface with HCI. A portion of the solution
(10 mL) was mixed with a water solution of HCI (0.05 N, 20 mL). CO, was removed
from solution immediately before the titration. The obtained mixture was titrated using
a 0.05 M solution of NaOH.

COz2 removal with N2. The samples were poured in 40 mL glass vials equipped with a
glass septum lids. N> was bubbled into the vial through a needle submerged in the
solution. Bubbling rate was less than 1 mL/min. The time of degasification was 24 h.
After degasification, the samples were transferred to a beaker that had been purged with
the inert gas and covered with Parafilm®, to prevent absorption of atmospheric COs.
UV-vis titration of Os. A Hewlett Packard 8452A Diode Array Spectrophotometer was
used to perform the optical absorption measurements. The dispersions in where the
concentration of O3 wanted to be determined (circa 3 mL) were placed with a Pasteur
pipette in 1 cm optical path quartz cuvette. The UV-visible spectrum reported the

absorption as a function of the wavelength of the radiation between 200 and 750 nm.



RESULTS AND DISCUSSION
Catalyst characterization

Table 1 lists the carbon materials employed as catalysts in the present work,
their precursors and the preparation methods. The preparation and characterization of
some of materials have been already reported and references are provided to the articles
where these materials were originally disclosed. The synthesis of two other carbon
materials, namely HSAD-HNOs and PD in Table 1, has been performed for the first
time for this work. Among the most relevant characterization data, XPS provides
information of the elements present on the catalyst surface, their relative abundance and
their distribution among the different families. To illustrate the relevant data obtained
by XPS, Figure 1 shows Cls and Ols peaks recorded for HSAG-OH that, as it will be
commented below, is the most active ozonation catalyst. As it can be seen in this
Figure, both C and O elements are present on the surface with an atomic proportion of
91.3 and 8.7 %, respectively, and their high resolution experimental peak can be fitted
to four and three components for the C and O, respectively. We will come back later to
this point when commenting the active sites on edge functionalized graphite and the

deactivation mechanism.
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Figure 1. XPS Cls (a) and Ols (b) peaks of fresh HSAG-OH. The figure shows also the
best deconvolution of the experimental peaks to individual components and their

corresponding percentages.

Among the samples tested a high-surface area graphite modified with oxygen-
functional groups both at edges and on the basal planes was prepared via HNO;
oxidation treatment (HSAG-HNO3), similarly to other reported carbonaceous
materials.*® The oxidation of HSAG material by HNO3 was confirmed by combustion
elemental analysis that provides an estimation that the oxygen content of HSAG-HNO3
is about 12 wt%. It should be commented that the oxygen content in the commercial
HSAG is negligible. XPS Cls and Ols peaks of the HSGA-HNO; also confirm the
presence on the HSAG surface of oxygen-functional groups having single, double and
three C-O bonds such as alcohols, carbonyl and carboxylic derivatives (Figure S1).
These oxygen functional groups were also evidenced by FT-IR spectroscopy. Vibration
bands at 3300, 1710 and 1200 cm™' are characteristic of O-H, C=0 and C-O bonds,

present in alcohols, carbonylic and carboxylic functional groups, respectively.

Pyrolyzed diamond NPs (PD) was prepared by pyrolysis of commercial
nanodiamonds (D) at 900 °C as previously reported.’® Raman spectroscopy of PD
clearly shows the formation of defective sp® network characterized by the observation of
the D, G and 2D bands that are absent in the parent D sample (Figure S2a). TPD
characterization of PD also confirms the removal of surface functional groups present in
the commercial D sample (Figure S2b). In addition, solid state '*C-NMR spectrum of
PD shows the presence of carbon atoms with sp? and sp® hybridization (Figure S3).
Previous studies by our group have reported the absence of sp? carbon on commercial D
NPs.>? The formation of graphene layers on the surface of D upon pyrolysis at 900 °C

agrees with a recent report describing also the formation of a few outer graphene layers



in a core/shell configuration upon pyrolysis of diamond NPs (Figure S4). In fact,

HRTEM of PD further confirms the formation of graphene layers with an interplanar

distance of 3.38 A while the sp® interplanar distance in D NPs is around 2.02 A. These

values measured in the present study are close to the reported 3.56 and 2.06 A

interplanar distances for graphite and D, respectively (Figure S5).%.

Table 1. List of catalysts employed in the present work.

Entry | Name Abbreviation | Precursor/Prepar | Ref.
ation method
1 Graphite G Commercial
2 High-surface area graphite | HSAG Commercial
3 HSAG functionalized with | HSAG-OH HSAG/KOH 44,46
hydroxyl groups in the
edges
4 HSAG functionalized with | HSAG-OH- HSAG/ KOH M
OH and COOH groups in | COOH
the edges
5 HSAG functionalized with | HSAG-HNOs; | HSAG/HNO;3 This work
oxygen-functional groups in
both edges and basal plane
6 Graphene oxide GO Graphite/Humm | >*
ers method
7 Reduced graphene oxide rGO GO/thermal >4

reduction at 200

°C

12



8 Multiwall carbon nanotubes | MWCNTs Commercial -

9 Diamond nanoparticles D Commercial -

10 Hydroxylated diamond NPs | D-OH Chemical 53
treatment+hydro
gen annealing of
D NPs

11 Pyrolyzed diamond NPs PD D NPs/pyrolysis | This work
at 900 °C for 2 h

12 Activated carbon AC Commercial -

Catalytic activity

Comparison of catalytic efficiency of various carbon materials. In the first stage of the

work the efficiency of different carbonaceous materials as catalysts for the ozonation of

organic pollutants in water was compared. Oxalic acid was selected as probe molecule

to determine the efficiency of the catalytic ozonation (Figure 2a).!* ?*> Graphs of Figure

2 show the dependence on time of the concentration of oxalic acid upon reacting with

ozone, both in presence of different carbocatalysts (a) as well as in the presence of

transition metal catalysts (b) and at different pH with HSAG-OH as the catalyst (c).

13
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Figure 2. Decomposition of oxalic acid by ozone. a) Relative oxalic acid concentration
vs time at pH 3 without catalyst (A) or in presence of HSAG-OH (¢), HSAG (o), rGO
(m), GO (O) as catalysts; b) Relative oxalic acid concentration vs time at pH 3 in
presence of: HSAG-OH (), Co304 (O) or Fe2O3 (m) as catalysts. ¢) Relative oxalic acid

concentration vs time in presence of HSAG-OH as catalyst, at: pH 2 (o), pH 3 (e), pH 4

(), pH 5 (V¥), pH 7 (), pH 9 (@) and pH 12 (A). d) Ozone stability in water in the

absence of catalyst as function of the pH. Legend: pH 2 (m), pH 3 (¢), pH 5 (0), pH 7
(), pH 9 (), pH 10 (A) and pH 12 (A). Reaction conditions: catalyst (50 mg L),
oxalic acid (50 mg L), O3 (140 mg/h), pH as indicated, 20 °C. Os to oxalic acid molar

ratio 5.3. The inset shows the UV absorption band corresponding to O3 at 260 nm



As previously reported,'* blank control experiments in the absence of catalyst
reveal that ozone cannot degrade oxalic acid at pH 3 and 20 °C.?* In general, oxalic acid
adsorption on the different carbonaceous materials at pH 3 and 20 °C is lower than 2
wt%. Importantly, under these experimental conditions, oxalic acid can be degraded by
catalytic ozonation using different carbonaceous materials: HSAG-OH (¢), HSAG (o),
GO (o), rGO (m). The most active carbocatalyst is that based on commercial HSAG
functionalized with hydroxyl groups in the edges (HSAG-OH), followed by the
commercially available parent HSAG. Both HSAG-based catalysts are more active than
previously reported rGO obtained from a Hummers method followed by thermal
reduction at 200 °C.*? In agreement with previous reports, the catalytic activity of GO
was lower than that of rGO.>® Considering the structure of the various catalysts these
results reinforce the importance of an appropriate content of oxygen functional groups
together with sp? carbon domains as active sites of ozonation in carbocatalysts. This
proposal agrees also with other studies that have reported higher carbocatalytic activity
of rGO with respect to GO as catalysts of oxidations using H>O2 or PMS as reagents.?’
Importantly, the carbocatalytic activity of HSAG-OH resulted to be higher than that of

benchmark commercial inorganic catalysts as Co3O4 or FexOs (Figure 2b).!2!

One of the most important parameters that influences the efficiency of catalytic
AOPs is the pH value of the water to be treated.” '* 37 Figure 2c shows that HSAG-OH
is an efficient ozonation carbocatalyst in a broad pH window, from 2 to 9 units, with
optimum values around 4. The broad range of pH for carbocatalytic ozonation, using
HSAG-OH, makes the application of this carbocatalyst really feasible for wastewaters
whose pH is either acidic or slightly basic. It should be noted that blank control

experiments, performed in the absence of catalysts, do not significantly degrade oxalic



acid (< 8 % conversion), in the range of the adopted pH values, except at pH > 12,

where slightly higher oxalic acid degradation was observed (~20 % at 240 min).

In order to determine the ozone stability in water at different pH values in the
absence of catalyst, a series of control experiments were carried out (Figure 2d). In
agreement with previous reports, Os stability decreases as the pH of the aqueous
medium increases.!? In fact, at pH values higher than 10, Os is almost instantaneously
decomposed under the present reaction conditions. It is well-stablished that O3
decomposes spontaneously to reactive oxygen species such as hydroperoxyl radicals at

basic pH values.'?

Ozone dose consumption is a decisive factor for the development of AOP with
real potential applications.?? In the present work, additional experiments have been
conducted for the optimization of the ozone dose. It was observed that, by using HSAG-
OH as catalyst, complete oxalic acid degradation at both pH 3 and 5 takes place when
using 2.7 equivalents of O3 (Figure S6) ?2. This value represents a moderate excess

respect to the stoichiometric amount necessary to convert oxalic acid into COa.

Stability of carbocatalysts. One of the basic requirements of any catalyst is its stability
under reaction conditions. This aspect was in particular investigated for HSAG-OH and
rGO as the catalysts. Results of reusability test are shown in Figure 3. HSAG-OH was
reused up to ten times with only a slight decrease in catalytic activity and full oxalic
degradation was achieved, at longer reaction times (Figure 3a). These results are
definitely better than those collected with rGO prepared by the Hummers method,
which rapidly deactivates after one use (Figure 3b). Based on a previous work, thermal
treatment of the rGO sample in a muffle at 300 °C allows restoring its catalytic

activity.*
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Figure 3. Reaction of oxalic acid with ozone. All the graphs show the relative oxalic

acid concentration vs time. (a) Catalyst: HSAG-OH: a) 1 use (e), 2" use (A), 3" use

(0), 4™ use (V), 5" use (0), 6™ use (V), 7" use (A), 8" (1), 9" use (@), 10" («) and

reaction in the absence of catalyst (m). (b) Catalyst: rGO: 1% use (m), 2" use (0), 3" use

(V) and 4" use (A). (c) Catalyst: HSAG-OH (o), HSAG-OH removed at 44 % oxalic

degradation (0) , HSAG-OH after 6 uses and then pyrolized under Ar atmosphere (m)
HSAG-OH after 6 uses and then reduced with hydrazine (o). d) Productivity test using a
large excess of oxalic acid using HSAG-OH as catalyst. Reaction conditions: Catalyst
(50 mg L), oxalic acid (50 mg L), O3 (140 mg/h), pH 3, room temperature. O3 to
oxalic acid molar ratio 5.3. Reaction conditions of productivity test: Catalyst (50 mg L
1, oxalic acid (1 g L), O3 (140 mg/h), pH 3, room temperature. Os to oxalic acid molar

ratio 5.3



XPS of the six-times used HSAG-OH (Figure 4 and Figure S7) reveals the
partial oxidation of the carbon material during the carbocatalytic reaction. According to
deconvolution of the XPS Ols peak the deactivated HSAG-OH sample exhibits an
increase of the quinone-like oxygens (binding energy 532.5 eV) accompanied by a
concomitant decrease of the phenolic-like oxygen (binding energy 530 eV) (Figure 4c
vs 4d). Therefore, comparison of the XPS Ols of the fresh and deactivated material
suggests the role as active sites of phenolic/quinone-like moieties as redox pair
promoting the O3 activation. Similar proposal of phenolic/quinone-like redox pairs as
active sites was postulated by Su and co-workers for the carbocatalytic oxidative

dehydrogenation of ethylbenzene,>® >

and is in line with the ability hydroquinones to
promote Fenton-like chemistry as organocatalysts.* % Importantly, the catalytic
activity of the ten-times used HSAG-OH can be restored to the value of the fresh
sample by performing a reduction process either with hydrazine as reducing agent or by
thermal reduction at 300 °C (Figure 3c and Figure 4e-f). XPS of the ten-times used
HSAG sample treated by thermal treatment or hydrazine confirms the success of the
reduction process restoring the fresh HSAG-OH material by observing the coincidence

of the Cls and Ols peaks of the treated samples with those of the fresh HSAG that are

different from the ten-times used material (Figure 4 and S8).
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Figure 4. XPS Cls (a) and Ols peaks (b) for the fresh HSAG-OH (black line), six times
used HSAG-OH in oxalic acid ozonation (red line), six times used HSAG-OH followed
by thermal reduction at 300 °C (blue line) and six times used HSAG-OH regenerated by
chemical reduction with hydrazine (pink line). XPS Ols for fresh HSAG-OH (c¢), six
times used HSAG-OH in oxalic acid ozonation (d), six times used HSAG-OH followed
by thermal reduction at 300 °C (e) and six times used HSAG-OH regenerated by
chemical reduction with hydrazine (f) have been fitted to the best deconvolution of the

experimental peaks into individual components.



The heterogeneity of the reaction was assessed by observing that the reaction
stops if the catalyst is removed from the reaction and, then, ozonation is continued

under the same reaction conditions (Figure 3c, 0).

The excellent activity and stability of the HSAG-OH as carbocatalyst was
further established by performing a productivity test, observing that a small amount of

carbocatalyst (50 mg L) is able to degrade up to 1 g L! of oxalic acid (Figure 3d).

Insights into the catalytic activity of HSAG-OH. In order to get some insights into the
origin of the catalytic activity of HSAG-OH, several commercially available carbon
materials with or without further modification were also used as catalyst to correlate
structure and activity. The temporal profiles of the oxalic acid decomposition by ozone

in the presence of the different carbocatalysts are presented in Figure 5.

A first working hypothesis to explain the higher activity of HSAG-OH with
respect to HSAG was based on the presence of phenolic functional groups at the
graphene edges, which leads to a better water dispersability, an increase in the work
function of the graphene sheets and the presence of hydroquinone/quinone-like groups

as redox centers.
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Figure 5. Temporal evolution of oxalic acid concentration upon ozonation in the
presence of various catalysts. Catalysts: a) HSAG-OH-COOH (A), HSAG-OH (m),
HSAG-HNO; (o), graphite (@); b) HSAG-OH (m), MWCNT (©), activated carbon (A);

c) Pyrolyzed PD (A), commercial D (m), hydroxyl-functionalized D-OH (0); d)

Carbocatalytic activity for the first (m), second (A ), third (o) and fourth use (\V) of the

PD catalyst. Reaction conditions: Catalyst (50 mg L), oxalic acid (50 mg L"), O3 (140

mg/h), pH 3, 20 °C, O3 to oxalic acid molar ratio 5.3.

The importance of an adequate HSAG functionalization at the edges by OH or
COOH groups, preserving the sp? nature of the basal carbon atoms and the high work-
function, was further evaluated by comparing the activity of non-selective HSAG
functionalization with oxygen functional groups, in both edges and the basal planes,

using a HNOs3 n aqueous medium as oxidant. The carbocatalytic activity of the HSAG-



HNOs3 randomly functionalized with oxygen groups was clearly lower than that of
HSAG-OH (Figure 5a). This activity order indicates the importance of the presence of
sp’ domains as active sites that should be well dispersed in water by selective edge

functionalization.

To address the role of the sp? layer with a high work function due to presence of
electron donor OH groups as active sites for O3 activation other commercially available
carbon allotropes such as graphite or CNTs were also tested. It was found that these
materials also behave as active carbocatalysts in accordance with previous reports
(Figure 5b).°" 62 The lower activity of graphite with respect to HSAG can be attributed
to the lower specific surface area of the former and, therefore, the lower density of
available sp? domains performing as active centers. The use of commercially available
activated carbon as carbocatalysts resulted in lower activity with respect to carbon
allotropes. A plausible explanation of the lower carbocatalytic activity of activated
carbon with respect to the carbon allotropes would be the presence of sp* domains on its
amorphous carbon network. In fact, the activity of nanometric diamond constituted by
sp® carbons as carbocatalyst is negligible, a fact that is in agreement with our proposal
of sp? domains as centers activating ozonation (Figure 5b). The use of a D solid
functionalized with hydroxyl groups (D-OH) does not increase the activity of the D
sample (Figure 5b). Notably, if nanometric D samples are submitted to pyrolysis at 900
°C for 2 h, as result of the surface graphitization of the D NPs, the resulting PD material
is as active as HSAG-OH (Figure 4c). Attempts to reuse PD resulted in a decrease of the
initial catalytic activity (Figure 4d). Interestingly, HSAG-OH and nanometric PD
decompose rapidly Os (< 2 min) in the absence of oxalic acid at pH 3, while O3
decomposition at pH 3 in the presence of commercial D NPs follows almost a

coincident profile as that measured in the absence of any catalyst. All these findings



reinforce the role of high work-function sp? carbon layers as redox activator in
ozonation, although it seems that they become partially oxidized, partially losing

activity under reaction conditions.

According to this rationalization the role of phenolic groups in HSAG-OH
would be to increase the electron density of the graphene layers that would act as
electron donor versus ozone triggering the generation of reactive oxygen species (see
below). Figure 6 illustrates the mechanistic proposal. Related with this rationalization
Wang and co-workers have addressed by DFT the role of oxygens and edges as active
sites donating electrons to peroxomonosulfate.®> These OH groups can be considered

as electron rich hydroquinone moieties.

HSAG-OH Reactive oxygen species

Figure 6. Proposed pathway for the oxidation of phenolic groups present in HSAG-OH
to quinone-like moieties and one-electron reduction ozone and formation of reactive

oxygen species.
Role of dispersibility

The previous proposal of sp? carbon domains with high work-function and
phenol/quinone as redox pairs active sites for catalytic ozonation does not consider that
the catalyst is constituted by graphite particles (HSAG-OH) that have low

hydrophilicity and quickly sediment in a liquid due to the poor dispersability. To



address the role of other possible oxygenated functional groups increasing
hydrophilicity and water dispersability, an analogous HSAG functionalized with
carboxylic and hydroxyl groups in the graphene edges was prepared (HSAG-OH-
COOH).** To make available the previously commented active sites and increase in
hydrophilicity and dispersability should be beneficial. In this context, it is interesting to
note that the activity of HSAG-OH-COOH is higher than that of HSAG-OH (Figure
4a). This result reinforces the idea that the activity of HSAG-based materials derives
mainly from phenolic/quinone-like moieties and high work function of HSAG-OH
layers derived from its unaltered sp? network combined with a high dispersibility of the
graphite particles in water, due to the polar oxygen containing functional groups. The
content of oxygenated functional groups was quantitatively evaluated (as described in
the experimental part) using the Boehm titration method, which allows to determine
groups such as carboxyls, lactones and phenolic. The total amounts of such
functionalities were 0.75, 3.0 and 4.5 mmol/g for HSAG, HSAG-OH and HSAG-OH-
COOH respectively. Water dispersions of HSAG-OH and HSAG-OH-COOH were
prepared, at 1, 0.5, 0.1, 0.05, 0.01, 0.005 and 0.001 mg/mL as the nominal material
concentration and UV-Vis absorption analysis was performed (Figures S9-S10). Details
are reported in the supplementary material and in the experimental part. In particular,
results from UV-Vis analysis of HSAG-OH and HSAG-OH-COOH suspensions in
water, shown in Figures S10 and S11, reveal the larger stability of HSAG-OH-COOH

dispersions.

Reactive oxygen species involved in the mechanism. In order to get some insight about
the nature of reactive oxygen species formed during the catalytic ozonation in the
presence of HSAG-OH catalyst, EPR measurements and selective radical quenching

experiments were carried out. The use of DMPO as spin traps of reactive oxygen



species (ROS) derived from ozone in aqueous solution in the presence of HSAG-OH
has allowed determining the presence of hydroperoxyl radicals (Figure 7a), while the
use of TEMP reveals the formation of 'Ox (Figure 7b). Selective quenching experiments
using DMSO or tert-butanol do not inhibit the carbocatalytic oxalic degradation by
ozone and, therefore, rule out the possible presence of hydroxyl radicals.?? These results
are in agreement with those obtained by Shaobin and co-workers using rGO prepared by
the Hummers method as carbocatalyst for ozone activation that have firmly ruled out by
EPR measurements the possibility of hydroxyl radical generation.*’ In contrast those
studies have detected hydroperoxyl or 'O species that were considered as responsible
for the oxidation reaction.*> Those conclusions are coincident with those of the present
study. In addition, in this work TOC measurements of the oxalic acid aqueous solution
before and after the catalytic ozonation confirm the complete mineralization of the

organic compound to CO2 and H>O.

1500000 40000

a) ) JE——
1000000 -| 200000

':-'l: SO0000 - :i 100000 1

. 8

> 0 Q 100000 -

E g -2 MWk

1 ~iNMNMM) | o

- G000 = 0w -meWMwnMWWﬂ*NﬂMW
15 T T T T T 1 s T T T

3450 3460 3470 3480 3490 3500 3510 3460 3480 3500
Magnetic Field (G) Magnetic Field (G)

Figure 7. a) EPR spectra for ozonation in the presence of DMPO as trapping agent
recorded in the absence (black line) or presence (red line) of HSAG-OH as catalyst. b)
EPR spectra of O3 in water in presence of TEMP as trapping agent recorded in the

absence (1) and in the presence (2) of HSAG-OH as catalyst. Reaction conditions:



Catalyst (50 mg L"), O3 (140 mg/h), trapping agent (1 g L"), pH 3, room temperature,

30 min reaction.



CONCLUSIONS

Using oxalic acid decomposition as probe reaction, the present manuscript has
shown the catalytic activity for ozonation of a series of graphite and graphene materials
at pH values in the range from 3 to 9. Higher pH values result in the spontaneous, fast,
uncatalyzed decomposition of Os. It was observed that optimal catalysts are those
having sp? domains that can be well dispersed in water. This requires the presence of
hydrophilic OH groups at peripheral positions without disturbing the sp? domains.
Under the explored reaction conditions, it seems that graphene materials are prone to
deactivate, due to auto-oxidation and that the presence of dopant element plays a
detrimental effect in the catalytic activity. EPR measurements using spin trap agents and
quenching experiments using selective inhibitors indicate that the reactive oxygen
species generated in the process are mainly hydroperoxyl radicals and singlet oxygen.

No evidence for the formation of hydroxyl radicals was obtained.

Considering the wide use of ozone for water disinfection, the present results
open new opportunities for enhancement of ozone effect beyond disinfection for
pollutant decomposition using transition metal-free catalysts based on carbon materials

that can exhibit even and enhanced catalytic activity.
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